Munster Technological University

SWORD - South West Open Research
Deposit
Theses

Dissertations and Theses

2019

Passive Cooling in Non-Residential Nearly Zero Energy Buildings:
A Thermal Comfort Analysis Based on Measurement, Modelling
and Simulation
Adam O'Donovan
Department of Process, Energy and Transport Engineering, Cork Institute of Technology, Cork, Ireland.

Follow this and additional works at: https://sword.cit.ie/allthe
Part of the Construction Engineering Commons, Natural Resources and Conservation Commons,
Other Civil and Environmental Engineering Commons, and the Sustainability Commons

Recommended Citation
O'Donovan, Adam, "Passive Cooling in Non-Residential Nearly Zero Energy Buildings: A Thermal Comfort
Analysis Based on Measurement, Modelling and Simulation" (2019). Theses [online].
Available at: https://sword.cit.ie/allthe/301

This Doctoral Thesis is brought to you for free and open access by the Dissertations and Theses at SWORD - South
West Open Research Deposit. It has been accepted for inclusion in Theses by an authorized administrator of
SWORD - South West Open Research Deposit. For more information, please contact sword@cit.ie.

W'

f

CiMiiiiiP in

% I # 1 i f% III <? ^
V a%^C4^;

«

p(^r¥«5ii t orm irt A|._la.8l ^i
46

.•^.

-a *.

R^l-illf
S .4 a Cx A S C-«

J6.

> 'J

.3, V. if

2. a -V.

i ps
I i lie#
-4, * ft « i S

-'\-4-1''jIS

/ ■ 'i V i C-

f

I 5

1

J‘

4r*. 4 & ^9

CAM %Ji

S Si'll a I Jit'M'S f I

5, .'- » S a s s @ ft C%. t. a '*. A ;S 3

i It'l y'% 1; Q r-i

I ^ O S-10 V cl i i

ii1
IA
I.

ic\ 1 /\
■ ^' U i V

1

00155700

Cork Institute of Technology
Department of Process, Energy & Transport Engineering

Passive Cooling in Non-Residential Nearly Zero
Energy Buildings: A Thermal Comfort Analysis
Based on Measurement, Modelling and
Simulation

Adam O’ Donovan
March 2019

Research Supervisors; Dr. Michael D. Murphy, Dr. Paul D. O’Sullivan

Submitted to Cork Institute of Technology, (March, 2019) in part fulfilment of the
requirements for the award of Doctor of Philosophy in Engineering

(W
fr'tltuJe

We have been shown that it is possible to collaborate with Nature ”
Thomas C. Angus

Declarations

Declarations
This is to certify that all work contained in this thesis is my own and has not been
submitted for another degree, either at Cork Institute of Technology, or elsewhere. All
external references and sources are clearly acknowledged and identified within the
contents. I have read and understood the regulations of Cork Institute of Technology
concerning plagiarism.

Date:

6G .bC-

Date:
06.

Dr. Michael D. Mu(rohy

Date:

oio

111

06-

2oi.cy

Abstract

Abstract
Overheating in non-residential nearly zero energy buildings (nZEBs) presents a major
risk to the well-being, productivity and thermal satisfaction of the people who occupy
them. As global temperatures are expected to increase in the future, the overheating risk
and cooling demand is also expected to increase. Therefore, low cost and low energy
solutions that are able to maintain thermally comfortable conditions without the need for
mechanical systems will be vital in decarbonising the building stock and ensuring that
buildings are comfortable and remain low carbon now and in the future. Passive cooling
has long been championed as a low cost and low energy cooling solution, that when
designed and incorporated into buildings correctly, can result in high levels of both
comfort and energy performance. However, passive cooling techniques like natural
ventilation (NV) need further demonstration to support their incorporation into the
dominant design of nZEBs, in particular in non-residential buildings. The overall aim of
this research was to determine what potential exists for the use of controlled passive
cooling systems in non-residential nZEBs without compromising on thermal comfort
performance. The thermal comfort performance of passively cooled non-residential
nZEBs was assessed via, 1) a detailed thermal comfort field study of the actual
performance of unique nZEB retrofit test-bed building which has a novel multi
configuration slotted louvre natural ventilation system, 2) the calibration and validation
of detailed whole building energy model for said application, 3) a comparative analysis
and approach comparison of different occupancy schedules and opening control
assumptions, and 4) a simulation-based study of different passive control strategies for
maritime and continental climates in external conditions now, and in potential extreme
conditions in 2050.
In the first part of this PhD study, the thermal comfort performance of an nZEB test-bed
building was measured using both subjective and objective methods, in a thermal comfort
field study. The study was designed to assess the performance of the buildings passive
NV system (system had a combination of automated openings and purpose provide
openings) in response to an overheating scenario during shoulder seasons. Based on the
responses of 35 study participants it was found that the use of openings above head height,
that had a proportion of net openable area to floor area (POP) of 1.1%, provided the best
response to overheating without overcooling. The study also indicated that the effective
temperature (ET) index correlated best with the mean thermal sensation votes (MTSV)
of study participants (R^= 0.71), with indoor relative humidity (RH) (R^ = 0.65) and air
temperature (R^ = 0.56) having the strongest eorrelations to MTSV of all measured
physical internal environmental parameters.
In the second part of this PhD study, a detailed whole building energy model (WBEM)
of the nZEB test-bed was made, calibrated under winter, summer and shoulder season
conditions, and validated in shoulder season conditions. The part of this PhD study was
designed to assess the limits of accuracy of the detailed WBEM for predicting indoor air
temperature and RH for the nZEB application. This calibration process utilised a large
amount of measured data as inputs into the model and resulted in the model being able to
predict indoor air temperature and RH with a low level of root mean squared error
(RMSE) (RMSE: Temperature <1.5°C and RH <5.5% for open plan spaces). The third
part of this PhD study assessed the accuracy of WBEM’s with various occupancy
schedules and opening control assumptions, when compared to the detailed WBEM
described previously (i.e. the control model). This part of the PhD study was designed to
IV
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assess the effects of occupant behaviour on the accuracy of simulations and also
considered both practitioner and researcher approaches to simulating both occupancy
schedules and opening control assumptions. It was revealed that for this application the
occupancy schedules consider had a large impact on the accuracy of results with a change
of RMSE greater than 2.0°C. When practical methods for simulating both occupancy
schedules and opening control assumption were considered there was a considerable
reduction in accuracy when compared to the control model (RMSE: Temperature <2.6°C
and RH <19%).
In the fourth and final part of this PhD study, a simulation based study was designed to
assess the performance of various passive control strategies in different climates for
external conditions currently and in an extreme future climate presented in 2050. The
strategies considered combinations of day-time ventilation (D), night-time ventilation
(N), external solar shading (S), and the limitations of external RH (R), as well as rigid
(non-adaptive set-points) and adaptive set-points (A). The study aimed to determine
which control strategies resulted in optimal trade-offs between theiTnal comfort
performance and the potential need for mechanical energy. The results demonstrated that
passive cooling systems are a viable solution at maintaining comfortable conditions for
over 90% of the occupied hours, however discomfort risks are climate dependant. For
maritime climates, overcooling risk was seen as the biggest challenge and it was found
that this could be eliminated by using an adaptive control strategy (A_D). For continental
climates, overheating was a significant risk. Currently, advanced passive cooling systems
that utilise a combination of day-time and night-time ventilation and solar shading (DNS,
A_DNS) are capable of maintaining comfortable conditions for over 95% of the occupied
hours. However, the results presented here show that the number of occupied hours where
overheating is a risk will increase by 4% to 14% from now to 2050 (depending on what
passive control strategy is used). The use of the advanced passive cooling systems
indicated was found to be capable of reducing the need for mechanical cooling in 2050
by 88% to 92% when compared to a typical day-time ventilation strategy.
Combining the results from all part of this thesis, it was determined that a large potential
exists to control and maintain comfortable conditions passively in non-residential nZEBs,
by using controlled passive cooling systems. Although this potential is undoubtedly
linked to the potential of climate, controlled passive cooling has the potential to satisfy
comfort requirements for greater than 90% of the occupied year if multiple passive
cooling techniques are combined.
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Glossary

Glossary
This section describes some of the terms used throughout this thesis.
Adaptive control: An adaptive control system is one that uses an adaptive set-point as
part of its control system. This implies that the set-point changes with the seasons or with
the outside conditions
Advanced natural ventilation systems: Advanced natural ventilation systems are natural
ventilation systems that are characterised by the use of dedicated ventilation stacks, shafts
and other architecture features such as atria, light wells [1J.
Air temperature: The air temperature is the temperature of the air around the human body
[2].

Air velocity: The air velocity is a quantity defined by its magnitude and direction. The
quantity to be considered in the case of thermal environments is the speed of the air, i.e.
the magnitude of the velocity vector of the flow at the measuring point considered [2].
Fuel poverty: Fuel poverty is a term used to describe a household that spends more than
10% of its income on operational energy for the thermal environment [3].
Low eneruv building: A low energy building refers to a building that consumes a lower
amount of energy when compared to standard buildings (i.e. buildings built in accordance
with building codes or standards) this standard building can be referred to as a
conventional building or typical building.
Mean radiant temperature: The mean radiant temperature is the uniform temperature of
an imaginary enclosure in which radiant heat transfer from the human body is equal to
the radiant heat transfer in the actual non-uniform enclosure [2].
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Natural ventilation: Airflow through a purpose provided opening such as open doors,
windows, or grilles [4], Natural ventilation, unlike fan-forced ventilation, uses the natural
forces of wind and buoyancy to deliver fresh air into buildings [5]. The primary agents
harnessed in natural ventilation are two-fold: the wind, impacting on the openings in the
exterior of the building; and temperature differences, between the exterior and interior
caused by internal sensible heat gains [6]. These two agents are often described as wind
and buoyancy effects.
Nearly zero energy building: A nearly zero energy building means a building that has a
very high energy perfonnance and should consume a nearly zero or very low amount of
energy. The nearly zero or very low amount of energy required should be covered to a
very significant extent by energy from renewable sources, including energy from
renewable sources produced on-site or nearby [7].
Net zero energy building: a net zero energy building is a building where, as a result of the
very high level of energy efficiency of the building, the overall annual primary energy
consumption is equal to or less than the energy production from renewable energy sources
on site [8].
Occupant behaviour: Occupant behaviour refers more generally to the way in which
occupants in buildings behave, act or conducts themselves in buildings. In the context of
the built environment occupant behaviour can refer occupant movement, presence and
actions in buildings and/or with building energy systems [9].
Operative temperature: The operative temperature is defined as the uniform temperature
of an enclosure in which an occupant would exchange the same amount of heat by
radiation plus convection as in the existing non-uniform environment [2]. The operative
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temperature is a thermal comfort index that combines the effect of the mean radiant
temperature and the air temperature.
Overall thermal comfort: Overall thermal comfort levels refer to the overall condition of
mind that expresses satisfaction with the thermal environment. It refers to the balance of
hours or period of time where the internal environmental conditions are within a
comfortable range (i.e. the percentage of hours that overcooling or overheating are not
present).
Overcooling: Overcooling can be defined as that state of mind that expresses
dissatisfaction with the environment caused by prolonged low temperatures. However,
can also refer to discomfort with respect to prolonged cold thennal sensations.
Overheating: Overheating refers to discomfort to occupants that is caused by the
accumulation of warmth in a building [10]. Overheating can also be defined as “that state
of mind that expresses dissatisfaction with the environment caused by prolonged high
temperatures” [11].
Passive building: A passive building is one that has been designed to the PassivHaus
standard. Passive buildings take advantage of solar gains, have high levels of insulation
and air-tightness and utilise passive heating or cooling design principles, which maintain
thermally comfortable conditions with a no or low amounts of energy.
Passive cooling techniques: Passive cooling techniques are various simple cooling
techniques that enable the indoor temperatures of buildings to be lowered through the use
of natural sources [12]. Passive cooling techniques are based on the application of solar
and heat control systems, dissipation of the excess heat into low temperature natural sinks
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like the air, the ground and the water and the amortization of the heat surplus through the
use of additional thermal mass in the buildings [13].
Passive cooling: Passive cooling refers to any technologies or design features adopted to
reduce the temperature of buildings without the need for power consumption [14].
Passive house: A passive house is a building, for which thermal comfort can be achieved
solely by post-heating or post-cooling of the fresh air mass, which is required to achieve
sufficient indoor air quality conditions -- without the need for additional recirculation of
air [15]. Passive houses are designed to the PassivHaus standard [16], which is a concept
that leads to the design of buildings that require very little heating or cooling energy.
Perfonnance gap: The performance gap in the built environment context is the gap
between predicted (or simulated) and measured (or actual) performance [17]. Although
referred to as the building energy perfonnance gap more frequently the performance gap
describes the difference between predictions and actual phenomena, and can be extended
and applied in the same context to the prediction of internal environmental parameter (e.g.
indoor air temperature).
Post-occupancy evaluation: Post-occupancy evaluation is the process of obtaining
feedback on a building's performance in use [18].
Prediction gap: The gap in prediction accuracy between actual and predicted parameters
is known as the prediction gap.
Relative humidity: The relative humidity or the saturation level, which gives the amount
of water vapour in the air in relation to the maximum amount that it can contain at a given
temperature and pressure [2].
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Resilience: Resilience is the ability to prepare and plan for, absorb, recover from, and
more successfully adapt to adverse events [19]. Resilience of the built environment
depends upon the capacity of each facility and infrastructure system, when considered in
the context of the community, to maintain acceptable levels of functionality during and
after disruptive events and to recover full functionality within a specified period of time
[20].

Resilient cooling: Resilient cooling is used to denote low energy and low carbon cooling
solutions that strengthen the ability of individuals, and our community as a whole to
withstand, and also prevent, the thermal and other impacts of changes in global and local
climates, particularly with respect to increasing ambient temperatures and the increasing
frequency and severity of heat waves [21]. Resilience in the context of passive cooling
system or strategies can be best described as the ability of said passive cooling system to
passively control heat flows to produce comfortable indoor conditions not only in the
present climate, but also in future climate conditions [22].
Shoulder season(s): Shoulder seasons or shoulder season is simply described as season
between summer and winter, namely autumn or spring. Shoulder months are months
within these seasons (e.g. April, May, October, November).
Single-sided ventilation: Airing in which opening(s) are located on only one outer wall
of a building [4].
The adaptive approach: The adaptive approach to thermal comfort is based on the
adaptive principle that “if change occurs such as to produce discomfort, people react in
ways which tend to restore their comfort” [23] this definition supposes that occupants are
“active and not passive” and can adapt within their thermal environment [24].
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The rational approach: The rational approach to thermal comfort is based on the heat
balance of occupants with their surrounding environment, where occupants are
considered as “passive”, and that thermally comfortable conditions are obtained through
balancing energy flows [24,25].
Ventilative cooling: Ventilative cooling refers to the use of natural or mechanical
ventilation strategies to cool indoor spaces. This effective use of outside air reduces the
energy consumption of cooling systems while maintaining thermal comfort. The most
common technique is the use of increased ventilation airflow rates and night ventilation,
but other technologies may be considered [26].
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Introduction

1. Introduction
1.1. Research background and motivation
Climate change poses one of the most significant challenges for humanity during this
century. Failure to reduce cumulative anthropogenic greenhouse house gas (GHG)
emissions is very likely to result in significant negative impacts on the global climate
system, which will affect humans and other living organisms irreversibly. In 1990, the
International Panel on Climate Change (IPCC) highlighted potential impacts of a
“business as usual” scenario for GHG emissions globally. The predicted effects of this
business as usual scenario were reported to result in:

1) a shifting of climate zones

affecting crop yields and livestock; 2) increased precipitation leading to flooding and
landslides, which would impact the developing world more than the developed world; 3)
flora and fauna unable to adapt to the rate of change of climate as they will not have time
to adjust to new seasonal patterns [27]. In 2014, two decades after the initial IPCC report,
the same messages on the impacts of climate change were reiterated. The fifth assessment
report on climate change impacts highlighted that there is a severe lack of preparedness
for extreme weather events in some sectors of society. It was reported that low lying
coastal zones are likely to experience disturbed livelihoods and a risk of injury and in
some cases deaths. It was reported that the vulnerable, impoverished, and those
marginalised in society will suffer most as a result of climate change impacts. Extreme
weather events caused by climate change are expected to have impacts on energy supply,
water supply systems and emergency systems, with increased mortality due to heat waves.
Furthermore, after extensive research into climate ehange it is clear that its effects are
uncertain and that there is “a need to create climate resilient paths” [28]. The current trend
in global mean surface temperatures after pre-industrial times is shown in Figure 1-1.
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Projections from the IPCC in their 5th Assessment Report suggest that unless we work to
adopt the RCP 2.6 emission and concentration pathway (which is a GHG mitigation
pathway) it is likely that we will exceed 2°C of global surface temperature warming by
the end of the century [29].
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Figure 1-1: Global mean change in annual temperature with reference to pre-industrial times. Grey area
shows the maximum and minimum recorded values from different temperature data sources. Red is the mean
value of all sources. Data was reproduced from the European Environmental Agency website [30].

The cumulative GHG emissions can be seen in Figure 1-2. According to Meinshausen et
al. [31] there are cumulative GHG emissions limits between 2000 and 2050 that will
indicate with a certain level of probability whether we will exceed 2°C of global warming
from pre-industrial levels. These levels (see Figure 1-2) are 1000 GtC02 equivalent and
1440 GtC02 equivalent between 2000 and 2050. Currently, there is a 25% probability of
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exceeding 2°C of warming with the first cumulative carbon budget, and 50% probability
of exceeding 2°C with the second cumulative carbon budget.

Year
Probability/Emitters ^^25% jjH 50%

China m United States

European Union H Other G20 Countries jjH Other Countries

m

Internabonal Transport

Figure 1-2: Cumulative GHG emissions by country or group from 2000 to 2016, including GHG emissions
budgets from 2000 to 2050 based on [31] and data from [32].

Based on the figure we can see that 74% of the 25% probability budget has been used and
51% of the 50% probability budget has been used between 2000 and 2016. While, both
carbon budgets have been used in 32% of the time we have to use them. This indicates
that a large global shift is needed in order to guarantee that 2°C of climate warming is
avoided. Moreover, it is the developed and industrialised nations that need to lead the
change to a low carbon and climate change mitigation pathway, given their share in both
cumulative and annual GHG emissions. Reducing the emissions in our building stock will
be critically important in avoiding climate warming.
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Buildings are responsible for 39% of global carbon emissions [33], 36% of carbon
emissions in Europe [34] and 37% of the carbon emissions in Ireland [35]. Space heating
and cooling and water heating are amongst the greatest energy consumers in existing
buildings. Space heating or cooling accounts for 37% and 25% of residential and nonresidential energy consumption respectively in the US, 71% and 68% of residential and
non-residential energy consumption in China and, 66% and 39% of residential and nonresidential energy consumption in the EU [36]. As space heating and cooling are primarily
the means by which we satisfy the thermal comfort of occupants, it can be seen that
themial comfort is one of the greatest energy drivers in all buildings. In terms of cooling
seasons, it is expected that cooling demand will increase dramatically in the future for
both residential and non-residential buildings [13]. While developed countries may
already have the air-conditioning infrastructure in place, it is in the developing countries
in Asia where the largest increase in electricity consumption is expected [36]. This
increase in space cooling has been more than tripled from 1990 to 2016. It is likely that
in baseline scenarios the demand for space cooling will triple again by 2050 [37].
In order to ensure a low energy, nearly zero or zero energy future for our building stock,
it is vital that buildings are designed to be resilient to future climate change. Energy
savings through the use of advanced design of envelopes, has been identified as one of
the three steps to ensuring zero energy buildings (ZEBs) by reducing cooling and heating
demand by 40% [36]. Natural ventilation and other passive cooling measures could result
in energy savings of between 5% and 85% depending on the case, where set-point
adjustments alone could result in savings of between 3% and 49%. Therefore, the use of
natural ventilation and passive cooling going forward will be vital if the environmental
and energy standing of buildings is to remain resilient. Unfortunately, in non-residential
buildings natural ventilation has changed from “the single option” for cooling, “to
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somewhat of a lost art” over the last century [38]. There has been a resurgence in
application and interest in natural ventilation systems, more-so due to the need to reduce
the GHG emissions in buildings. However, there have been limited developments in the
field of natural ventilation “due to a loss of know how” [38]. Similarly, the recent change
from rational comfort modelling to adaptive comfort modelling has led to an increased
interest in naturally ventilated and mixed mode buildings. However, there are many
challenges that remain in the field of thermal comfort. Current adaptive standards have
discontinuities [39] mainly due to the fact that they are not applicable in all conditions,
and in all seasons. The applicability of adaptive standards in shoulder seasons is one such
discontinuity. The study of nZEBs with regard to thermal comfort is still an area that is
developing, and there is a lack of detailed case studies. However, existing work in the
area suggests that nZEBs or low energy buildings have higher neutral operative
temperatures when compared to less energy efficient buildings [40].

Maintaining

thermally comfortable conditions in passively cooled buildings and in particular in nZEBs
has been identified as a challenge, because overheating has been identified as a risk in
these types of buildings [11,41-^4]. Existing literature analysing energy performance
certificates [45], characterises nZEBs as being almost homogenous in their design. The
nZEBs identified were highly insulated, used mechanical ventilation and heat recovery
(MVHR), and air source heat pumps (ASHPs) for ventilation and cooling, while only a
third of the buildings declared passive cooling solutions [45]. The concern with the
existing design of nZEBs is that in current conditions with their current design they may
be energy efficient, however, the reliance on mechanical cooling may make them energy
inefficient into the future. The integration of passive cooling systems to nZEBs now could
result in them being more energy efficient across their operational lifecycle.
Unfortunately, there are limited examples of calibrated models of passively cooled nZEBs
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(in particular non-residential examples) that demonstrate the future performance of these
buildings in the face of future climate change [46^8]. One reason for this is the lack of
knowledge of nZEBs, another is the difficulty in predicting the performance of nZEBs
accurately. The prediction gap for low energy buildings or nZEBs with “passive design
features” or naturally ventilated buildings has been seen as greater than other buildings
[49], and, the performance gap between actual and predicted performance has been seen
as significant issue for modem low energy buildings [50,51 ]. This gap has generally been
attributed to difficulty predicting the presence, actions and movement of occupants in
buildings [52-55]. The concern with predicting the actions and presence of occupants is
that it can be viewed as stochastic [56,57], which makes accurate predictions of nZEB or
thermally decoupled thermal environments difficult. Researchers may develop accurate
models or may account for the uncertainty of parameters that affect occupant behaviour,
however, the question of whether these will be adopted in practice is a major issue [58].
Similarly, research may support the use of passive cooling systems, however more
examples are needed to make passive cooling part of the dominant design in future
nZEBs. The discussed topics above have pervaded research interests in the past five to
ten years. This has led to the formation of international research projects like the annexes
formed within the International Energy Agencies (lEA), Energy in Buildings and
Communities (EBC) Programme [59]. Further resulting in collaborative research groups
forming to focus on topics related to, occupant behaviour [60], retrofitting of buildings
[61] and ventilative cooling [62]. There are also some ongoing projects which look at
adaptive thermal comfort in low energy buildings [63] and resilient cooling [21].
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1.2. Research problem
Overheating presents a major risk to the well-being, productivity and thermal satisfaction
of people. As global temperatures are expected to increase in the future, the overheating
risk and cooling demand will increase dramatically. Therefore, low cost and low energy
solutions that are able to maintain thermally comfortable conditions without the need for
mechanical systems will be vital in decarbonising the building stock. Many research
studies have indicated that an overheating risk exists in passive buildings [41,48,64,65].
Similarly, low cost and low energy solutions that utilise ventilative or passive cooling
methods are also presented in literature. Furthermore, there also exists a body of
knowledge which supports the benefits, use and application of adaptive thennal comfort
for energy savings. However, existing adaptive thermal comfort standards are not “free
of discontinuities” [39] and there are gaps in existing knowledge of their application in
mixed mode buildings and during shoulder seasons. As shoulder seasons can have are
large envelope temperature differences, there also exists the potential to overcooling in
uncontrolled conditions. Owing to the fact that nearly zero energy buildings are a recent
development, knowledge of the factors influencing the comfort performance of nZEBs is
a priority but remains incomplete. While, passive cooling is not a new approach to cooling
in general, there is a need to develop, demonstrate and test the performance of advanced
passive cooling systems and their expected resilience when applied to non-residential
buildings. Moreover, the future performance of passively cooled nZEBs that are built
today has remained largely un-investigated.
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1.3. Research purpose, overall aim and objectives

The purpose of this research is to analyse the thermal comfort performance of nonresidential nearly zero energy buildings that are passively cooled. The research intends to
analyse the performance by measuring, modelling and simulating thermal comfort during
shoulder and cooling seasons in existing conditions, and through the use of a calibrated
and validated building model, intends to predict the thermal comfort performance of the
same building using different passive control strategies for different climates now and in
an extreme future. The overall aim of this research is to determine what potential exists
for the use of controlled passive cooling in non-residential nZEBs without compromising
on occupant thermal comfort. The research has the following overall objectives:

1. Investigate, experimentally, using both subjective and objective methods, the
cooling and thermal comfort perfonnance of a novel passive cooling system in an
nZEB environment during shoulder seasons.
2. Develop, calibrate and validate an indoor air temperature and relative humidity
model of an nZEB, which employs passive cooling, using a dynamic, coupled
thermal and airflow simulation approach.
3. Investigate using different sources of building and usage data how occupant
behaviour influences the prediction of indoor air temperatures and relative
humidity in dynamic simulation.
4. Demonstrate (or determine), numerically, the most appropriate control for passive
cooling in nZEBs that result in the optimum trade-off between thermal comfort
performance and resilience to future climate change.
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1.4. Research methodology
Figure 1-3 indicates the overall methodology and flow of work completed as part of this
thesis.

Literature Review

Test-bed Building

Thermal Comfort
Field Study

Model Calibration
and Validation

Comparative
Analysis and
Approach
Comparison

Simulated
discomfort: now and
in the future

Figure 1-3: Overall research methodology

1.4.1. Literature review
The starting point of the research was to analyse the gaps that existed in the literature,
more generally in the fields of the thermal comfort and building perfomiance simulation
and then with a specific focus on non-residential nZEBs. Existing literature highlighted
the lack of well-documented case study buildings in general and showed that examples
of nZEBs that there was a lack of useful examples of passively cooled nZEBs.

1.4.2. Test-bed Building
A test building was identified as critical for both thermal comfort performance assessment
but was also seen as critical for assessing the validity of predictions of any whole building
energy model. The test-bed building that was used was a unique example of a retrofit to
nZEB levels. The building had no mechanical systems for cooling and had a unique and
complex multi-configuration system that was designed to prevent rain ingress from the
maritime climate of Cork.

1.4.3. Thermal Comfort Field Study
Following a review of existing literature it was found that a thermal comfort study
analysing the performance of the test buildings natural ventilation system would
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contribute to both the number of well-documented examples and the required
understanding of thermal comfort in nZEBs.

1.4.4. Model Calibration and Validation
It was identified early in this research that a scalable, mechanistic model that could be
used to simulate optimal comfort and energy scenarios would be a powerful tool for
analysing both current and future perfonnance of nZEBs. As the heat pump system in the
test-bed building was operating on an intennittent basis, and data on its perfonnance was
limited, it was decided to focus on calibrating a scalable, mechanistic model for the
simulation of comfort performance only. Similarly to the thermal comfort field study, a
review of the literature supported the impression that there is a lack of unified thinking
regarding the calibration of whole building energy for internal environmental parameters
as well a lack of well documented nZEBs in the model calibration domain. The thermal
comfort study revealed the need to calibrate for both temperature and humidity.

1.4.5. Comparative Analysis and Approach Comparison
In the review of literature related to building performance simulation, parameters or
variables related to occupant behaviour were seen as critical factors influencing
predictions of energy and comfort in buildings generally and in nZEBs. This led to the
need consider the uncertainty surrounding some factors related to occupant behaviour. As
gap between research and practise has been seldom explored in literature, the calibrated
model was used to investigate both the uncertainty related to occupant presence and
opening interaction assumptions individually in a comparative analysis, but also the
combined effect in theoretical researcher and practitioner approaches.
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1.4.6. Simulated discomfort: now and in the future
As the overall aim of this research was focused on the potential of passive cooling in
current and future climates, it was critical to investigate the future performance of systems
designed for current climatic conditions. This research project contributed to Annex 62
[62] where as part of Subtask C (Case Studies) a significant amount of information about
the control strategies for different exemplary case study buildings was gathered and
analysed. This contribution in Annex 62 led to the focus on different passive control
strategies as part of the final application of this research thesis. The strategies themselves
were identified in part through the detailed examples presented in Subtask C, but were
also supported by a review of passive control strategies that were presented in the
literature.

1.4.7. Methodology and research objectives
All general methods used to achieve the objectives can be found in Table 1

Table I-l: General methodologies for achieving each objective and relevant chapter

Objective

Chapter

Method

1

4

Experimental field study using
subjective and objective
methods.

2,3

5

4

5
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In this thesis a review of the literature supported the need to address research gaps and
the test-bed building was the major source of data and information. Both of these parts of
the research methodology preceded all results that were presented. The results chapters,
relevant research objectives and the specific methods used for each result chapter is
indicated in Table 1-1.

1.5. Thesis Structure
The following section describes the structure of the thesis.
Chapter 2 provides a state of the art literature review of thermal comfort performance
evaluation in passively cooled nZEBs. The chapter initially describes the global context
and challenges that have motivated the research, before explaining the main drivers for
thermal energy in buildings. As the research is focused on thermal comfort a detailed
review of the field of thermal comfort is presented which describes thermal comfort
theory, measured, modelled and simulated evaluations, as well as challenges in the field
of thermal comfort. A review of the accuracy of whole building simulation models is
presented, particularly in the context of naturally ventilated buildings. This is followed
by a section describing passive cooling techniques and passive control strategies. The
penultimate section of the literature review describes the available research on nZEBs
from comfort, simulation and passive cooling perspectives. Finally, the conclusions of
the literature review are presented with the key gaps in literature that have been identified.
Chapter 3 describes the nZEB test building (the zero2020 building) used for to achieve
all the objectives of the research. In this chapter an overview of the buildings natural
ventilation system is provided along with details about the energy systems and
instruments used for data gathering in the building. This chapter also highlights the long-

42

Introduction

term energy and thermal comfort performance of the test building by using four years of
measurement data gathered in the building.
Chapter 4 presents a thermal comfort field study which investigates the effectiveness of
the test buildings natural ventilation system at resolving overheating in shoulder season
conditions using different ventilation configurations.
Chapter 5 presents the calibration and validation study of a dynamic thermal and airflow
building numerical model of the nZEB test building, and through comparative analysis
shows the difference in thermal comfort prediction accuracy when different occupancy
schedules and opening control strategies are used.
Chapter 6 presents a numerical study, investigating the thermal comfort performance of
the test building when different control strategies for the passive cooling system are
employed. The study also investigates the effect of different climates on control strategy
choices and analyses the change in discomfort between current and future extreme
scenarios, quantifying the change in thermal comfort performance, and the potential need
for mechanical cooling in nZEBs now and in the future.
Chapter 7 presents a synthesis of the results that are presented in Chapters 4 to 6. This
chapter presents a global discussion and overall conclusion of the research undertaken
including the adoption of the various methodologies and the findings from each study, as
well as providing some further insight into all results (Chapters 4 to 6). It also brings
together the results from each study in attempt to address the overall aim or purpose of
the research project.
Chapter 8 presents the limitations of the research and scope for future work based on the
research completed.
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2. Literature Review
2.1. Overview and context
This chapter forms the beginning of the research methodology outlined in section 1.4,
which was to conduct a state of the art literature review to determine gaps in the literature
which need addressing.

Figure 2-1: Context of literature review chapter in overall methodology

This chapter presents a state of the art literature review of existing literature on thermal
comfort performance evaluation in passively cooled buildings with a specific focus on
passive cooling and nearly zero energy buildings. Following this overview section, the
literature review is presented in seven main sections: 2.2 Global context and challenges,
2.3 Drivers of thermal energy consumption, 2.4 Thermal comfort, 2.5 Building
performance simulation, 2.6 Passive cooling, 2.7 Nearly zero energy buildings, 2.8
Conclusions of literature review. The focus of this literature review is to begin with the
broader context and then to focus specifically on non-residential nearly zero energy
buildings (nZEBs) so as to provide a well-rounded view of the research domain as well
as outlining the key contributions of this thesis. Section 2.2 will describe the global or
more general societal challenges that this research contributes to. As the work of this
thesis is related to thermal energy in the form of heating or cooling demand, the drivers
of thermal energy consumption are explored in further detail in Section 2.3. Following
this introduction to what thermal drivers exist, the next section (Section 2.4) focuses on
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the definition of occupant thermal comfort, how occupant thermal comfort is measured
and modelled as well as some of the challenges in the field of thermal comfort more
generally. In Section 2.5 the building performance simulation as a field is discussed, but
also with particular reference to the prediction of parameters which effect thermal
comfort. Section 2.6 gives details as to passive cooling, the techniques used as well as
passive cooling strategies that have been used or adopted in research, and what energy
savings can be made by using passive cooling. Section 2.7 describes nearly zero energy
building examples, targets and characteristics and also highlights some of the key
challenges for nearly zero energy buildings specifically. Section 2.8 presents the
conclusions of the literature review and highlights the key gaps which formed the
objectives of this thesis.

2.2. Global context and challenges
Buildings are responsible for 36% of global energy consumption and 39% of the
associated carbon emissions [33]. Currently it is expected that if we follow a business as
usual level of emissions that our global carbon budget will be depleted by 2037 [66].
Therefore, energy efficiency improvements, deep renovations and the decarbonisation of
the building stock are critical if a 2°C warmer world is to be avoided. A doubling of new
building stock is expected in developing nations by 2050, and 65% of the existing
building stock are expected to be in place in developed or Organisation for Economic Co
operation and Development (OECD) countries by the same date. The European Union
(EU) is one of the groups that ratified the 1 st and 2nd commitments of the Kyoto Protocol
[67,68]. These commitments are reflected in the GHG emission reductions that the EU
has seen since 1990, shown in Figure 2-2. As of 2016, the EU has reduced its GHG
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emissions by 22% below 1990 levels which will put it ahead of schedule for the EU’s
target to reduce emissions by 20% below 1990 levels by 2020.

Adual/Target ■ EU 28 ■ 20% ■ 40% ■ 60% ■ 80%

Figure 2-2: Trends, projections and emissions targets for the EU. Solid line indicates actual data, points in red
indicate targets, while dashed line is the current projections according to the European Environmental
Agency.

However, the current projections from the European Environmental Agency suggest that
the EU will miss its targeted reduction of 40% by 2030 below 1990 levels [69]. To meet
future EU targets, all building projects, new builds or renovations, will be required to be
at a nearly zero energy standard. Energy efficient heating and cooling technologies will
also play a key role in reducing energy consumption in the future. Furthermore, designs
which understand and harness the “human factor” of building energy consumption are
also critical if future targets are to be achieved [33]. Buildings account for nearly 40% of
the final energy consumption in Europe [70]. 75% of these buildings are residential [71],
with the remainder being non-residential or commercial buildings. The final energy
consumption of non-residential buildings in Europe has remained relatively stable, and
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permits for new buildings and renovations have decreased since the economic crisis in
2007 [72]. The global energy use in non-residential buildings has almost doubled between
1980 and 2010 [73]. 50-60% of all global energy demand in buildings is for thermal use,
where 32-33% of this energy demand is for space heating specifically [73]. For countries
in the EU the electricity intensity in non-residential buildings has increased by roughly
0.9%/year since 2008, which has been mostly attributed to “the growing number of new
appliances... as well as a spread of air conditioning” [74]. In Ireland, around 39% of the
national primary energy consumption is as a result of buildings [35]. Moreover, 36% of
Ireland’s primary energy demand is for “heat” specifically [35]. In 2016, around 75% of
the primary energy used in residential buildings was for non-electrical purposes [35],
further highlighting the need to reduce the heating demand in buildings and to improve
thermal comfort. While the residential energy consumption in Ireland has fallen in more
recent times [35], the non-residential (commercial and services sector) energy
consumption has increased [35]. Furthermore, it was found that the percentage of
electrical heating in non-residential buildings is around 60% [75]. In the context of the
targets for GHG emissions it is clear from the reductions presented in Figure 2-2 that the
thermal energy consumption in the building stock will need to be reduced if emissions
targets are to be achieved. Our understanding of how the thermal energy consumption in
buildings can be reduced is underpinned by our understanding of the drivers of thermal
energy consumption in buildings.
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2.3 Drivers of thermal energy consumption in buildings
2.3.1

Climate classifications and indicators

A key component of how much thermal energy is needed in a building is dependent on
the outdoor climate surrounding the building. Climate zones are typically classified
depending on external temperature and precipitation ranges. One of the most widely
quoted climate classification systems is the Koppen Geiger climate classification system
[76] shown in Figure 2-3. This system generally classifies climates based on a three letter
syntax which gives details about the general climate, the precipitation and the
temperatures in each climate zone. The general climate is classified by letters A
(equatorial climates), B (arid climates), C (warm temperate climates), D (snow climates)
and E (polar climates). The precipitation in a climate zone is classified by letters W
(desert), S (steppe), f (fully humid), s (summer dry), w (winter dry), m (monsoonal).

World Map of K5ppcn-Geiger Climate Classification
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Figure 2-3: Koppen-Geiger Climate Classifications for different parts of the world [76]
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The temperature in a elimate zone is classified by letters h (hot arid), k (cold arid), a (hot
summer), b (warm summer), c (cool summer), d (extremely continental), F (polar frost),
T (polar tundra). Combining all of these letters defines the climate in a climate zone (e.g.
Cfb warm temperate, fully humid, warm summer or Dfb snow, fully humid, warm
summer). Another broad climate indicator that is used commonly when estimating the
cooling and heating demand in buildings is the use of “heating degree day” (HDD) or
“cooling degree day” (CDD) methods [77]. Shown in Equation (2-1) and Equation (2-2),
the heating and cooling degree days are metrics which sum the difference between the
average daily external temperature (Egd)

^ reference temperature 7Ve/ » on an

annualised basis. The HDDs for a year are the sum of days where, T^ef is less than
while, the CDDs for a year are the sum of days where Tg^ is greater than T^ef for a specific
location. The reference temperature (Tref) can be a base temperature
point temperature T^p [79], or a set-point temperature

[78], a balance

[77]. The base temperature (7^)

is defined as “the outdoor temperature at which the heating (or cooling) systems in a
building do not need to run to maintain comfort conditions” [80].

HDDy^^r = y

max(0, (Tref - Tea))

^—^days

CDDyear = y

max(0, (Tea “ Tref))

^—‘days
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The balance point temperature of a building is defined as “the value of the outdoor
temperature at which, for the specified value of the interior temperature, the total heat
loss is equal to the heat gain from sun, occupants, lights and so forth” [81]. The set-point
temperature is the temperature that represents a comfortable interior temperature that
heating or cooling systems control to in buildings. The range of either of these reference
temperatures has been shown to vary considerably depending on the calculation method
[82], building type [83] and the country to which it is applied [78,80,84]. The values of
calculated or standardised base temperatures or balance point temperatures used in
literature has been shown to vary from 8°C to 20.5°C [80,83,84] and set-points used for
the purposes of degree day analyses have used values between 18°C to 26°C [77,78].
Unlike the set-point temperature the base temperature and the balance point temperature
attempt to evaluate more than just the heating or cooling demand for a climate or location,
they also attempt to evaluate or account for some building characteristics related to the
building fabric and internal gains as part of their calculation. The drawbacks of using
these degree day methods is that they assume static values in an energy balance that is
varying dynamically. In reality, internal conditions (e.g. temperature conditions) will vary
from the set-point and the balance point temperature will change over time. Woods and
Fuller et al. found that degree day analyses can be inaccurate for household applications
as households may not have “a well-defined set-poinf’ [82]. Furthermore, Meng and
Mourshed et al. highlighted that a fixed base temperature for all buildings is unrealistic
as the base temperature varies depending on the building thermal characteristics,
occupancy and operation [83]. What is evident from all the work presented on these
simplified methods is that the thermal energy consumption for any building is influenced
by many factors which effect its sensible thermal heat balance.
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2.3.2

Thermal heat balance in buildings

The degree day methods proposed earlier assume a static or quasi-static environment to
assess heating and cooling demand, however, the indoor conditions in buildings vary
dynamically.

10

15

20

Temperature (°C)

Figure 2-4: Thermal heat balance in buildings (based on [86]) and change in temperatures from climate to
zone level. (For illustrative purposes boxplots shown are for locations in Cfb climate, where the microclimate
is for Dublin city, the building temperatures were considered from 18°C to 26°C and the zone temperature was
taken as 22±1°C)

Figure 2-4 illustrates this dynamic thermal heat balance, where Tz is the temperature in
the zone of a building, Qint are the internal gains from people, appliances and lighting, Qtb
are the heat gains from thermal bridges,

Qsoi

are solar heat gains,
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heat gains, Qfab are the heat gains from opaque or transparent elements, Qinf are the heat
gains from building leakage or infiltration, Qadj are the heat gains from adjacent zones
and Qsur are the heat gains from the surfaces of the zone in question. From Figure 2-4 we
can see that the heat balance of a zone or space is effected by the building it is in, the
micro-climate and the broader overall climate which all play a role in the actual heating
or cooling demand. The climate can have a large effect on how a building is designed
(e.g. in Figure 2-4 we have external temperatures that are colder than the temperatures we
want to maintain, which implies more heating than cooling). In more recent times, the
micro climate around a building has also been viewed as very important for predicting
the heating or cooling demand in the building. One example of micro-climatic effect that
has drawn the most attention of late is the urban heat island effect [87-89], which
describes the propensity for built-up urban areas to have warmer external air temperatures
when compared to nearby rural areas. At building level, the thermal heat balance can also
be effected by design choices which limit the effect of certain heat losses or gains in a
building. One example of design which effects the building specific losses and gains is
the design of buildings to be passive buildings. Passive buildings designed to standards
like the PassivHaus standard [16] have led designers to focus on increasing insulation
levels and reducing the air permeability and conductive heat loss components of
buildings. Other design choices that are made when building, are choices around how
heat is removed or added to a building, namely choices surrounding whether heat is
removed mechanically (e.g. with forced convection using fans, heat recovery units or air
handling units), naturally (i.e. using buoyancy and wind effects), or by a combination of
the two (i.e. in mixed mode operation). At zone-level, the thermal heat balance of
buildings can be effected by the production of heat from appliances, lighting and
occupants, but can also be effected by the behaviour of occupants through their presence.

52

Literature Review
movement and actions. One of the major drivers of thermal energy demand, which is a
zone-level driver for heating or cooling purposes, is the demand for thermally comfortable
conditions. The desire or need of occupants to be thermally comfortable, or to regulate
the balance between their bodies and the thermal environment around them can result in
varying levels of thermal energy consumption. Therefore, an understanding of thermal
comfort as a driver for thermal energy consumption is important if buildings are to
consume low levels of thermal energy.

2.4 Thermal comfort
2.4.1. Overview
To be thermally comfortable in the general sense is “a condition of mind which expresses
satisfaction with the thermal environment” [90]. As themially comfortable conditions are
based on a condition of mind, what is thermally comfortable can be highly subjective.
Therefore, achieving optimal thermal comfort levels for all occupants may not be possible
without a holistic viewpoint that considers behaviour, psychology and physiology [91].
From an engineering perspective the field of thermal comfort has been in existence far
before the emergence of energy efficient buildings [92] and publications about thermal
comfort are considered to be growing at an exponential rate [24]. More recently, the
energy implications associated with regulating thermal conditions indoors have been of
concern. However, there are many other factors as to why buildings are maintained at
comfortable conditions, for example in the past regulating the thermal environment had
been about “factors affecting human efficiency and comfort” [93]. Following this
overview section a review of the field of thermal comfort is presented and divided into
eleven subsections; 2.4.2 Reasons for maintaining thermally comfortable conditions in
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buildings, 2.4.3 Theory and background, 2.4.4 Measurement of subjective thermal
sensation, 2.4.5 Models and indices, 2.4.6 Long-term thermal comfort evaluation, 2.4.7
Comparison of adaptive and non-adaptive standards, 2.4.8 Relative humidity, 2.4.9
Local discomfort, drifts and ramps, 2.4.10 Overheating and overcooling, 2.4.11
Simulated energy implications of thermal comfort, and 2.4.12 Challenges in the
evaluation of thermal comfort.

2.4.2. Reasons for maintaining thermally comfortable conditions in buildings
As humans often spend up to 90% of their time indoors [94], the thermal environment
can be key in ensuring the health and well-being of occupants, as well as ensuring worker
productivity and satisfaction. The cost associated with a decrease in productivity in the
workplace can be over 25 times greater than the operational cost of energy in buildings
[95,96]. Understanding and maintaining thermally comfortable conditions can save more
than just operational energy, they can have a significant impact on humans in general.
Thermal conditions indoors can affect the productivity, motivation, learning abilities [97],
emotional state [98], nervous system [99], and performance of occupants [100]. Table 2-1
presents the findings from multiple studies on the human performance and productivity
related to thermal conditions. This work generally shows that performance is optimal
when thermal sensations are “slightly cool” [101] and that performance can decrease at
temperatures greater than 25-26°C by 2%/°C [ 102]. Thermal discomfort as a result of fuel
poverty can lead to major health consequences for individuals and society in general. Fuel
poverty is a term used to describe a household that spends more than 10% of its income
on operational energy for the thermal environment [3].
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Table 2-1: Optimal temperatures, ranges in temperatures or thermal sensations that lead to the best
performance or productivity in humans

Reference

Optimal temperature, range
or sensation

Location

Year

[102]

21°C to25°C

-

2003

[103]

22°C

-

2006

[98]

No deviations from “neutral”

-

2009

[104]

17°C to 25°C, within 2°K/h
drift

Netherland
s

2010

[99]

“slightly cooler”

Singapore

2010

[101]

“neutral” or “slightly cool”

China

2011

[97]

22°C to 26°C

China

2013

[100]

22°C, “neutral” or “slightly
cool”

China

2017

[105]

Up to 25°C

Australia

2017

[106]

23°C to 26°C

Singapore

2018

There are many negative health effects that have been associated with a poorly regulated
internal environment (see Table 2-2). Ormandy and Ezratty et al. examined both health
and thermal comfort by providing evidence to support recommendations by the World
Health Organisation (WHO) guidance on acceptable air temperatures in buildings. The
authors found that the 18-24°C provided by the WHO would support both health and
comfort, but may not be reliable for elderly people. Furthermore, the authors found that
fuel poverty in its generic definition often focuses on cold sensations and that, where
buildings have an inability to regulate heat gain and subsequently overheat fuel poverty
may also be a risk factor for households that cannot effectively cool their dwellings also
[107]. In their review of cold homes for Friends of the Earth, the Marmot Review Team
found that in “countries with more energy efficient housing, there were lower rates of
Excess Winter Deaths (EWDs)”. They found that a poor thermal environment can have
direct health impacts on mental health, educational attainment and dietary opportunities
but to name a few [108].
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Table 2-2: Health effects associated with poor thermal comfort conditions from various studies
Reference

Health effect

[109]
[110]
[111]
[108]

Location

Year

Heat and cold related deaths

Brazil

2003

Heat related mortality

UK, India, Brazil

2005

Emergency department visits
Mental health, educational
attainment, dietary

Greece

2011

UK

2011

Excess winter mortality

New Zealand

2012

[112]

Mental health, stress

UK

2012

[113]

Increase mortality and pathogens

Nigeria

2017

[114]

Health risks due to heat stress

Italy

2017

The cost benefit of improved thermal comfort, health and productivity has been discussed
by many authors [107,115,116]. Generally existing literature supports that fuel poverty,
poor housing standards [117] and poor ventilation rates or indoor air quality (lAQ) [118]
can result in many negative cost effects “including medical costs, lost education,
employment opportunities” [119], and “implications for health, work, performance and
energy” [120]. The general costs to society or cost benefit ratios are shown in Table 2-3.

Table 2-3: Cost benefit or cost to society for poor thermal comfort or ventilation rates
Reference

Cost benefit or Cost to society

Location

Year

[118]

60-150 to 1

US

2005

[117]

2 to 1

New Zealand

2009

[120]

$13 billion

US

2012

[119]

£1.4 to £18.6 billion

England

2016

The work presented on productivity, cost and health demonstrates that maintaining
thermally comfortable conditions is critical for many broad ranging factors that are
interlinked in many ways. The standard of the built environment and its ability to maintain
conditions that are comfortable and productive for its occupants is very important and
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understanding how comfort is modelled, measured or evaluated is invaluable in our
understanding of all of the factors presented.

2.4.3

Theory and background

A large amount of thermal comfort research uses the “classical approach” to evaluating
thermal comfort in the form of field studies [121]. These field studies typically evaluate
the thermal environment of a building or space by gathering both subjective thermal
sensations of occupants and measured objective parameters, and then show the
relationships between objective parameters and the subjective thermal sensations of the
participants in studies. Evaluations of thermal comfort field studies in buildings have
typically been separated depending on whether a building is mechanically ventilated or
naturally ventilated, and has also varied depending on the seasons. Research on thermal
comfort evaluation has also been categorised into long-term and short-term assessments
or field studies. Studies on thermal comfort have investigated the effects of localised
phenomena such as stratification and draughts [122-124], while some have focused on
general comfort conditions in buildings [125-130]. Theoretically, the field of thermal
comfort has been divided by two approaches where evaluations are concerned, the
rational approach, and the adaptive approach. The rational approach to thermal comfort
is based on the heat balance of occupants with their surrounding environment, where
occupants are considered as “passive”, and that thermally comfortable conditions are
obtained through balancing energy flows [24,25]. Heat balance models of human thermal
comfort have been in existence for a long time [131,132] and have been the dominant
approach for controlling conditions in the built environment for the majority of the 20^*^
century. However, more recently the adaptive approach has become more prevalent. The
adaptive approach to thermal comfort is based on the adaptive principle that “if change
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occurs such as to produce discomfort, people react in ways which tend to restore their
comfort” [23] this definition supposes that occupants are “active and not passive” and can
adapt within their thermal environment [24]. All thermal comfort models or approaches
were developed in essence to predict the thermal sensation of people or the mean thermal
sensation of multiple occupants in buildings under different internal environmental
conditions.

2.4.4

Measurement of subjective thermal sensation

Thermal sensation is typically measured by determining the mean of thermal sensations
votes in response to the question: “//ovr do you feel in this precise moment?” [133] or
”Hom’ do you perceive the environment at this time?” [134]. Participants in thermal
comfort studies typically answer this question by voting on a 7-point scale from -3 to +3
in 1 point increments, where the mean of thermal sensation votes is the mean of thermal
sensation votes (MTSV) or the actual mean vote (AMV). Subjective assessments are
typically designed in accordance with either ISO 10551 [ 133,135] or ASHRAE guidelines
[136]. Another approach for determining thermal sensation is by evaluating the number
of thermal sensation votes that were inside of the ±1 range. This range is known generally
as the “neutral” range as votes in this range indicate feelings of slight discomfort. It is the
number of those who vote outside of this range that are considered dissatisfied with the
thermal environment. Those who vote outside of the neutral range are often called the
percentage of those dissatisfied (PD). It is widely accepted that there will always be a
number of people who are dissatisfied irrespective of the thermal conditions, this is why
models of human thermal comfort generally attempt to predict thermal conditions where
the vast majority of occupants are satisfied. This experience has been the case for a long
time as “there is no ideal temperature for any group of people” and the purpose of earlier
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research was to “establish comfort zones or ranges of temperatures within which a large
proportion of the persons concerned say that they are comfortable” [93]. The PD or
Fanger’s percentage of dissatisfied (PDf) is shown in Equation (2-3), indicates the
relationship that was drawn by Fanger et al. [132] between the MTSV and PD. This
relationship indicated that there was a limit as to the number of people that could be
thermally satisfied, that even “subject to the same conditions...it is not possible, due to
biological variance, to satisfy everyone at the same time” [137].

PDf

2.4.5

=

100

- 95e(-0-3353(MTSV4)-0.2179(Mr5V2))

(2-3)

Models and indices

As was mentioned in the previous section, the overall aim of thermal comfort models is
to predict the thermal sensation of occupants in buildings, or to define a relationship
between measured parameters and the mean thermal sensation of a group of occupants,
and then predict the mean thermal sensation. Thermal comfort models and indices have
typically been formed in either controlled conditions (i.e. climate chambers) or in
uncontrolled conditions (i.e. in real buildings). As was mentioned previously, these two
approaches to gathering data has led to two types of model (i.e. a rational and an adaptive
thermal comfort model). Rational models have been found to be more applicable in
predicting the thermal sensations of occupants in mechanically ventilated buildings and
adaptive models have been found to be more applicable in predicting the thermal
sensations of occupants in naturally ventilated buildings.

Rational thermal comfort

models like the Standard Effective Temperature (SET) model [131] and Predicted Mean
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Vote (PMV) model [132] were widely used in the last century and still feature in comfort
standards today [90,138]. However, it was Fangers’ rational comfort model (i.e. the PMV
model) that was more widely adopted [139]. There are many parameters that effect
thermal comfort, and the rational comfort model developed by Fanger [137] identified
that the air temperature, relative humidity, mean radiant temperature, air velocity, activity
(or metabolic rate) and clothing levels are the “most important variables which influence
the condition of thermal comfort” [137]. It was through the use of these key variables and
controlled laboratory experiments that Fanger deduced a “comfort equation” which was
based on the “experiments with American college-aged subjects” [137] and formed the
basis for the PMV and predicted percentage of persons dissatisfied indices shown in
Equations (2-4) and (2-5).

PMV =

[0.303e(('°o36M)+o.o28)j|-(^y^^

-w)- 3.0510'3[5733 - 6.99 (M - W) - p^]

- 0.42[(M -W)- 58.15] - 1.710"5M(5867 - p^)

(2-4)

- 0.0014M(34 - ta) - 3.9610-®/c([(tc/ + 273)^ - (t^ -I- 273)^]
fcl^c(.^cl

tfl)}

PPD = 100 - 95e(-0-3353(PMV'^)-0.2179(PMV2))

(2-5)

Adaptive thermal comfort models were developed using a combination of thermal
comfort field studies that utilise an “in situ poll of comfort” which takes the subjective
assessment of multiple occupants as “they go about their usual work” [23]. Adaptive
comfort theory differs from rational comfort theory in so far as the actions of occupants
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are not controlled and presupposes that “we modify our behaviour accordingly” which
can make adaptation “a most powerful form of thermoregulation” [140]. Most
importantly the adaptive approach assumes that the preferred comfort temperature or
“neutral temperature” of multiple people or individuals varies linearly according to the
outside conditions [23]. The neutral temperature or comfort temperature is “the
temperature where the largest number of participants will be comfortable” [23]. Adaptive
thermal comfort is generally assessed by using a combination of the operative temperature
(shown in Equation (2-6)) and the exponentially weighted external mean temperature (see
Equation (2-7)). The operative temperature index can be calculated by using the air
temperature, the mean radiant temperature and the air velocity.

taVlO(ra) + tr
(2-6)

^0 ~

frm - (fed-1 + O-Stgd-Z +

+

O.Sted-^

0-2 ted-7)/3.8

tc =

0.33 *

trm

+

+

+ 0-3ted-6 +
(2-7)

18.8

(2-8)

Equation (2-8) calculates the comfortable operative temperature (t^) with respect to the
external temperature (t^m)- ^ was this gradient based relationship that was the foundation
for all adaptive standards like EN 15251 [141]. A similar methodology is adopted in
ASHRAE Standard 55 [138], where increasing operative temperature limits are applied
with increasing external air temperatures. This relationship is linked with the ability of
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occupants in naturally ventilated buildings to tolerate higher temperatures than those of
air-conditioned buildings [142]. Another empirical index that has been used in literature
is the effective temperature (ET) index (see Equation (2-9)) which was developed by
Houghton and Yangoglou et al. [143]. Unlike models using the operative temperature
alone, the ET index accounts for the effect of humidity in a theimal environment. The ET
was “widely used in Ameriea for the evaluations of thermal sensations” [93] and the scale
stresses the importance of humidity for measuring thermal sensation and can be
particularly important where “physiological cooling of the body is so largely dependent
upon sweating” [93]. In work by Dear, Brager and Cooper et al. [91 ] the outdoor effective
temperature was used when drawing relationships between acceptable operative
temperatures indoors for both air-conditioned and naturally ventilated buildings in the
original RP-884 analysis, which formed the basis for the ASHRAE Adaptive Comfort
Standard (ACS). However, when devising the standard itself the outdoor effective
temperature was replaced with the mean monthly outdoor air temperature. This was done
“as practitioners would be more likely to use the ACS if the meteorological input data
was a more familiar and accessible index” [144]. From a research perspective, the ET has
been used in many research studies and has been shown to have strong correlations with
thermal sensations in tropical climates in particular [145,146].

ET = ta- 0A(ta - 10)(1 - RH/lOO)

2.4.6

(2-9)

Long-term thermal comfort evaluation

The development of thermal comfort indices and models for different types of buildings
has led to the formation of different standards for assessing the long-term thermal comfort
performance of buildings. The definition of what is thermally comfortable inherently has
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both thermal and psychological elements to it, so it is clear that satisfying all occupants
is challenging. Occupants can be different shapes, sizes, ages, genders, they can be from
different countries, they can be performing different activities, and they could be wearing
different clothes. Outside of this occupants could also have different mental states and
they could appreciate the visual and acoustic indoor environment differently to others.
All of this means that it is unlikely that building designers will be able to make everyone
comfortable or at least completely satisfied with the environment around them all of the
time. This challenge is reflected in all thermal comfort standards which usually aim at
keeping 80-95% of the occupants satisfied with the thermal environment around them
[90,138,147].

Standard — ASHRAE55 — EN 15251

iso 7730

Figure 2-5: Standards used in long-term thermal comfort evaluations
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In international standards, thermal comfort is assessed on a seasonal basis, where comfort
is determined depending on whether it’s a heating season (winter) or cooling season
(summer). As the work presented in this thesis is about passive cooling, this section will
focus mostly on thermal comfort standards for naturally ventilated buildings in cooling
season only. Figure 2-5 shows the upper and lower limits of ASHRAE 55, EN 15251 and
ISO 7730 (during the cooling season). The general comfort level for each of these
standards is usually assessed by examining the percentage of hours where the operative
temperature (to) at a given exponentially weighted external mean temperature (trm) is
within the upper and lower limits (or ranges) shown in Figure 2-5.

Table 2-4: Thermal comfort categories of cooling mode performance found in standards
Standard

Category

ISO 7730

A
B
C

PPD (%)
<6
<10
<15

PMV
<±0.2
<±0.5
<±0.7

24.5 ± 1.0
24.5 ± 1.5
24.5 ± 2.5

I

<6

<±0.2

0.33trn,± 18.8 ±2

II

<10

<±0.5

0.33U+ 18.8 ± 3

III

<15

<±0.7

0.33tmi+ 18.8 ±4

IV

>15

>±0.7

>0.33tnT,+ 18.8 ±4

90% Acceptability

<10

-

0.31te± 17.8 ±2.5

80% Acceptability

<20

<±0.5

0.31te± 17.8 ±3.5

to(°C)

EN 15251

ASHRAE 55

Typically, two types of comfort standards are presented in literature, adaptive standards
and non-adaptive standards, where adaptive standards are typically applied to the design
of naturally ventilated spaces and non-adaptive standards are applied to mechanically
ventilated spaces. As is indicated in Figure 2-5, adaptive standards have varying limits
with respect to outside conditions, while non-adaptive standards have fixed limits
depending on the season. These limits can also be seen in Table 2-4. When measurements

64

Literature Review
are used for thermal comfort evaluation, both non-adaptive and adaptive standards refer
to ISO 7726 [2]. ISO 7726 is the standard that is referred to when measuring the physical
parameters in standardised comfort evaluations in buildings [2], and is specifically
referred to for measurements of the PMV and the operative temperature. The
recommended heights of measurement in this standard are 0.1m, 0.6m and 1.1m for
subjects who are sitting, and 0.1m, 1.1m, 1.7m for those who are standing. The most
commonly used standard for evaluating mechanically ventilated spaces is ISO 7730 [90].
This standard allows for comfort evaluations to be made based on the PMV or the
operative temperature. As measuring the PMV requires a large amount of equipment, ISO
7730 defines operative temperature ranges where PMV = 0 which corresponds to “the
optimal operative temperature’' and is much like the neutral operative temperature [90].
Ranges of the PMV and operative temperature are then defined with certain assumptions
around humidity (e.g. relative humidity = 50%), air velocity (e.g. <0.1 m/s) and depend
on the activity and clothing levels of occupants [90]. Table 2-4 indicates the categories of
comfort that are used for mechanically ventilated buildings (ISO 7730) and naturally
ventilated buildings (EN 15251 and ASHRAE 55). The PMV values used in this table are
also an indicator as to what values of MTS V are acceptable for different types of people.
Category II, B, or 80% acceptability is generally seen as the level of acceptable comfort
for those with “a normal level of expectation” for the thermal environment [148], and
Category I, A or 90% acceptability is seen as the level of acceptable comfort for those
who are vulnerable or elderly.

2.4.7

Comparison of adaptive and non-adaptive standards in cooling seasons

Since the emergence of the adaptive standard there has been an increase in the
development of various adaptive standards. Carlucci et al. [148] presented a detailed
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study of all adaptive standards. These include international standards and national or
continent specific standards namely EN 15251 [141] and current revision prEN 16798-1
[147], the Dutch standard ISS074 [149,150], ASHRAE Standard 55 [138] and the
Chinese standard GT/T 50785 [151]. These adaptive standards deal specifically with
adaptation to allow for a higher or lower limit, where occupants find the thermal
environment more acceptable. Adaptive standards typically have a range of outside
environmental conditions that occupants can adapt in, where, below this range
mechanical heating is assumed to be required, and above this range mechanical cooling
is assumed to be required. One of the main energy saving components of adaptive
standards is that they can theoretically allow for higher set-points for cooling when
compared to non-adaptive standards which can reduce the need for active cooling at the
same outside temperatures. Figure 2-6 illustrates the upper limits only of all the
aforementioned adaptive standards as well as the adaptive model for naturally ventilated
buildings in India IMAC (NV) [152], and the non-adaptive standard ISO 7730 [90].
Based on Figure 2-6 we can see that there is a “point of change” where adaptive standards
have a higher upper limit in operative temperature terms when compared to a nonadaptive standard like ISO 7730. This point of change occurs at different exponentially
weighted external mean temperatures (tm) for each standard. These standards generally
reflect the comfort levels for different climates or parts of the world. Even though some
have been seen as globally applicable, the development of the more recent standards for
Indian and Chinese climates highlights the fact that thermal comfort definitions are not
universally applicable, and that different people will adapt differently in naturally
ventilated buildings in different parts of the world. Table 2-5 and Table 2-6 show this
more clearly. It can be seen that the range of external temperatures that 80-90% of people
will be able to adapt in differs depending on the standard.
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Figure 2-6: Upper operative temperature limits for different adaptive models compared to ISO 7730 for 90%
acceptability limits (left) and 80% acceptability limits (right)

More commonly used adaptive standards (ASHRAE 55, EN 15251, and ISSO 74) have
the same lower mean external temperature so that no adaptation is expected (<10°C).
Standards made in the Asian continent have a higher mean external temperature when
heating is expected. The point of change in the mean external temperature where adaptive
standards have a higher acceptable operative temperature limit than a typical nonadaptive standard also changes with the standard applied (13°C to 19°C). It is at this
external point of change temperature where adaptive standards have the advantage of
saving energy by leveraging on the ability of occupants to adapt.
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Table 2-5: Comparison of upper limits of adaptive models or standards and ISO 7730 for 90% acceptability of
the thermal environment

Standard or model

Range of trm
(°C)

Upper operative
temperature limit (°C)

Point of Change

ISO 7730

All

25.5

N/A

N/A

ASHRAE 55

10 to 33.5

0.31*trm+20.3

17

0.07 to 5.34

EN 15251

10 to 30

0.33%m+l 8.8+2

15

0.25 to 5.20

ISSO 74

10 to 25

0.33 *tnT,+18.8+2

15

0.25 to 3.55

GT/T 50785 (H/M)

18 to 28

0.77*trm+9.34

21

0.01 to 5.40

GT/T 50785 (C)

18 to 28

0.77*trm+12.04

18

0.40 to 8.1

IMAC (NV)

12.5 to 31

0.54*trm+12.83+2.4

19

0.09 to 6.57

trm

CO

Range of +
Ato* (°C)

“*”Compared to ISO 7730

Table 2-6: Comparison of upper limits in adaptive models or standards and ISO 7730 for 80% acceptability of
the thermal environment

Standard or model

Range of trm
CO

Upper operative
temperature limit

CO

Point of Change
trm (°C)

Range of +
Ato* (°C)

ISO 7730

All

26

N/A

N/A

ASHRAE 55

10 to 33.5

0.31*trm+21.3

16

0.26 to 5.84

EN 15251

10 to 30

0.33*trm+l 8.8+3

13

0.09 to 5.7

ISSO 74

10 to 25

0.33*trni+l 8.8+3

13

0.09 to 4.05

GT/T 50785 (H/M)

18 to 30

0.73%m+12.72

19

0.59 to 8.62

GT/T 50785 (C)

18 to 30

0.73*trm+15.28

19

2.42 to 11.18

IMAC (NV)

12.5 to 31

0.54*tr,n+l 2.83+4.1

17

0.11 to 7.67

“*”Compared to ISO 7730

Above the point of change temperature adaptive standards could result in a change in
upper operative temperature limits of between 0.01°C and 8.1°C for achieving 90%
acceptability, and from 0.09°C to 11.18°C for achieving 80% acceptability, for occupants
in naturally ventilated buildings. This shows the benefit of using natural ventilation in
buildings for increasing the acceptable limits indoors. The one caveat with adaptive
models is that the benefit of them can be seen mostly in climates where the mean external
temperatures justify it. Climates that are below the point of change in external
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temperatures may not see the benefit as much as those who are above it. Furthermore, the
high limit of external temperatures where naturally ventilated buildings cannot be used is
different depending on the standard and ranges from 25°C to 33.5°C.

2.4.8

Relative humidity

Most of the comfort standards mentioned previously highlight that at moderate
temperatures the influence of humidity on comfort can be limited. In ISO 7730, it is stated
that a “10% higher relative humidity and 0.3°C higher operative temperature are
perceived as being warmer in equal measure” [90].

Table 2-7: Acceptable range of relative humidity for indoor environments from standards

Standard

Loner
Limit (%)

Upper
Limit (%)

Comment

Reference

ISO 7730

40

60

Range for winter and
summer

[90]

EN 15251

25

60

Table B.6

[141]

prEN 16798-1

25

60

Table B2.2-1

[147]

ASHRAE 55

30

70

ASHRAE fundamentals

[138]

However, in the same standard the influence of humidity is seen as significant “under
transient conditions”. Standards cite the health effects of humidity more so than the
comfort effects of humidity, stating that humidity has only “a small effect on thermal
sensation and perceived air quality” in buildings [141]. While explicit limits for relative
humidity are not clearly defined in standards. Table 2-7 attempts to identify the upper and
lower limits that may be acceptable based off of some of the available standards.
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2.4.9

Local thermal discomfort, drifts and ramps

As conditions can vary dramatically in a space, these spatial differences can have an effect
on the perceived thermal sensation of occupants. There can be large variations in local
thermal sensations that can cause discomfort. In standards some of these are as a result of
localised air velocity being too high (draught), the level of vertical temperature difference
(stratification), or as a result of particular surfaces being too warm or cold (radiant
asymmetry) [90]. Thermal comfort standards evaluate conditions that are assumed to be
steady state at each inter\'al of evaluation. However, as the thermal environment is
inherently dynamic, there are certain assumptions that can allow for the steady state to be
assumed. In ISO 7730, steady state is assumed if the change in internal conditions due to
drifts or ramps is less than 2K/^h [90], while in ASHRAE 55 the allowable drift or ramp
is less than or equal to 2.2°C/h [138].

2.4.10 Overheating and overcooling
Internal thermal conditions that are too high or too low can have significant effects on the
health, well-being, and performance of people. From a thermal sensation perspective
occupants would vote +2 or +3 in thermal sensation terms if conditions were said to be
“overheating”. From a subjective perspective overheating is where the MTSV would be
outside of +0.7 (when using standardised questionnaires). There have been many studies
that highlight the overheating risk that exists in buildings but in particular passive or low
energy buildings [44,65,161-164,153-160].

One of the major health effects of

overheating is that at temperatures greater than 25°C there is an “increase in
cardiovascular stress and trauma” [164].

From a productivity perspective the work

presented earlier shows that, at temperatures that are greater than 25°C or 26°C there is a
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significant decrease in productivity (e.g. 2%/°C). Overheating is considered more of a
seasonal issue and is more predominant in the cooling season during summer, however,
discomfort due to temperatures that are too high has also been reported in winter [23].
Furthermore, while most studies on overheating are with reference to naturally ventilated
spaces, significant levels of winter overheating have been observed in air-conditioned
buildings during winter [23]. As comfort can be defined “slightly differently from region
to region” [55] overheating assessments in different locations can use different metrics to
assess discomfort due to overheating. Overheating indices are generally defined by a
threshold temperature and the length of time that occupants are exposed to this
temperature. This means that the threshold temperature is allowed in buildings, but not
for an extended period of time. Many threshold temperatures have been presented in the
past. According to Gupta and Gregg et al. [55] “surpassing 26°C to 27°C is...
problematic”, the PassivHaus Institut [16] suggests that an overheating risk exists if more
than 10% of the occupied hours greater than 25°C. Similarly, EN 15251 suggests that
above the 25°C threshold that “increased air velocity is recommended” [141], while
CIBSE guidelines suggest that if 1% of the occupied hours are greater than 28°C there is
an overheating risk [165]. Based on these static operative temperature values it can be
seen that the temperature where overheating occurs is generally greater than 25°C.
However, as adaptive theory is based on the premise that our appreciation for operative
temperature changes with outside conditions, static thresholds have come under some
scrutiny. To overcome this issue, other more complicated metrics for overheating have
been defined. The most widely used or quoted approaches to estimate overheating risk
(that does not use a static value) are the Chartered Institute of Building Services
Engineering (CIBSE) document TM52 and the methodologies shown in the adaptive
standard of EN 15251 [55,65,139,141,159,164,166]. Using these approaches, the

71

Literature Review

temperature at which overheating is considered is based on the Category II of EN15251
as is shown in Equation (2-10).

^max —

0-33 * trm + 13-3 + 3

(2-10)

Overheating in TM52 is defined by three metrics or criteria, where “a room or building
that fails any two of the three criteria is classed as overheating” [139] . The first criterion
is the weighted exceedance criterion. This criterion assesses the change in operative
temperature between the upper threshold (tmax) and the current operative temperature (t^)
in a room or building (see Equation (2-11)). The number of hours where the rounded At
is greater than or equal to 1°K is considered overheating hours. If the number of hours
exceeds 3% of the occupied hours the overheating risk is seen to be an issue and the room
or building has failed this criterion.

^0

^max

(2-11)

The second criterion is designed to assess overheating on any one day. The daily weighted
exceedance (144) (shown in Equation (2-12)) is the sum of the number of degree hours
over the upper threshold limit for each day, where the weighting factor (VfF) for At values
of zero is zero, and for At values of one, the weighting factor is one and so on. In this
criterion only At values of up to three are counted. If the sum of degree hours for any day
exceeds six a room or building has failed this criterion.

144 =

X WF)
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The final criterion is used to limit severe overheating incidences. This criterion sets an
absolute maximum upper limit for any room or zone, which is that “the indoor operative
temperature...shall not exceed 4 K” above the value

t^a.x

[1^9].

Overcooling is a phenomenon that is not as well defined as overheating. The principle of
overcooling is the same, where conditions are so cold that occupants would vote -2 or -3
with regard to their thermal sensation or the MTSV would be less than -0.7 (when using
standardised questiomiaires). Overcooling criteria are not defined in standards or by
guidance documents, however, many researchers have mentioned or reported overcooling
in buildings [39,167-170].

2.4.11 Simulated energy implications of thermal comfort
As was previously discussed previously in section 2.3.2, the desired temperature has an
influence on the thermal heat balance at zone-level which can affect the energy
consumption for thermally comfortable conditions. This section presents the literature in
the field surrounding the choice of controlling variable and the associated energy
implications. Most of the work presented in this area is about simulating the effects of
varying the desired temperature within a rigid range (i.e. the rational approach) or with
respect to outside conditions (i.e. the adaptive approach). The set-point or desired
temperature for heating or cooling systems represents the controlling function for thermal
comfort in a building and can have a significant impact on energy consumption. There
has been a considerable amount of peer-reviewed literature that has demonstrated the
energy consumption or the difference in energy consumption associated with varying setpoints in buildings [171-173]. Most buildings are controlled to a set-point indoor air
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temperature (e.g. 22°C) and a dead-hand (e.g. ±1°C) [174], where heating or cooling
energy systems in buildings, mechanical or natural, attempt to regulate the internal air
temperature by adding or removing heat at building or room level. The dead-hand
represents a neutral temperature range around the set-point that the zone of a building is
allowed to fluctuate in, where if temperatures go outside of this range a control system
acts to restore temperatures to within this range. Previous simulation work in this area has
shown that the energy consumption of a building can vary depending on whether a setpoint temperature at building or room level is used, or if an annual or daily set-point
temperature is selected [172,175-177].

Table 2-8: Maximum energy savings for different climate zones as a result of different set-point
temperatures
Reference

Koppen-Geiger Climate
Zone(s)

Maximum
Savings (%)

Changes made

[173]

Dfa, Csb

3%

Night-time set-back

[178]

Cfa, Cwa.Dfa, Bsk, Dfb,
Dwa

8%

Adaptive set-point

[179]

Af

9%

Group decisions on setpoints

[180]

Cwa

9%

Adaptive set-point

[181]

Dwa

10%

[182]

Cwa, Cfa, Aw, Am

10%

[171]

Cfb

10%

Adaptive set-point
1-2°C set-point
increase
Adaptive set-point

[183]

Cfb

13%

Adaptive set-point

[184]

Cfa

13%

[185]

Aw,Am

14%

[186]
[187]

Dfb
Cfa
Am, Cfa, Csb, BWh, BWk,
Dfa, Dfb, DfC

25%
34%

6°C set-point increase
1 °C increase in setpoint
Night-time set-back
2°C set-point increase
Set-point and deadband changes

[177]

Csb, Dfb, Dfc

38%

[188]

Af, Am, Aw

49%

[172]

74

37%

Set-point and dead
band changes
Adaptive set-point
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A summary of the maximum energy savings for various studies is found in Table 2-8.
Ghahramani et al. investigated the effects of changes to set-points and dead-hands on
energy consumption for various climates and types of buildings through the use of
dynamic simulation. In this work the annual optimal set-point ranged from 19.5°C to
25.5°C from Alaska (Dfc) to Miami (Am) for small offices. The authors found that
choosing a daily optimal set-point for each location as opposed to using one baseline setpoint and dead-hand system (22.5±3°C) had the greatest effect on energy savings and
ranged from 6.8% to 37.0%, depending on the size of the office and the climate
respectively. The authors also found that broadening the daily optimal dead-hand from
± 1 °C to ±3°C resulted in average simulated energy savings of 16.4%. [172]. Ghahramani,
Dutta, and Becerik-Gerber et al. investigated the difference in energy consumption
through using zone-level, building-level, daily optimal and annual optimal control
strategies in simulated office buildings in different climates. The authors also investigated
the effect of optimising set-points for the comfort of occupants. In this work, the authors
found “that solely optimising set-points for thermal comfort” can lead to “energy
inefficiencies” and that a daily set-point that varies is the best to balance energy and
comfort and can result in savings of between 17.6% and 38.4% [177].
Rigid air temperature set-points with a dead-hand tend to be the most commonly used
control systems in practice, however, there has been a recent push in literature to adopt
adaptive set-points and control algorithms, which are based on the adaptive theory shown
previously [171,183,188,189]. In the Netherlands, van Hoof and Hensen et al. found that
adaptive models could reduce annual energy consumption by 10% in naturally
conditioned buildings. However, when adaptive models are applied to buildings with
“centrally controlled HVAC systems” energy consumption could increase by the same
amount [171]. In Belgium, Sourbon and Helsen et al. also found that the use of adaptive
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standards could have a small effect on reducing energy consumption in buildings in
moderate climates. In their analysis of multiple standards the authors found that standards
based on European thermal comfort studies perform best for Central and Western parts
of Europe, and can reduce cooling energy consumption by 13% [183]. In Malaysia,
Bhaskoro, Giliani and Aris et al. investigated whether an adaptive set-point reduced the
cooling load when compared to a static set-point for different spaces types. The authors
found that an adaptive set-point reduced the cooling load by 5.4% to 49.4% but depended
on the space or zone type.

2.4.12 Challenges in the evaluation of thermal comfort
The neutral or optimal operative temperature is the operative temperature where the mean
vote of building occupants, which often is the mean of the thermal sensation votes
(MTSV), is equal to zero. One of the main challenges for adaptive standards is that
comfort is so highly individual that it can be effected by many factors. The optimal
operative temperature has been shown to vary as a function of gender [128,198], age
[199-201], the country or climate [202], building ventilation type [152,203,204], and the
energy efficiency of a building [205], and it has also been shown to vary for both heating
and cooling seasons [193]. Table 2-9 shows some of the neutral temperatures that can be
found in different thermal comfort studies in different locations of the world. Table 2-9
demonstrates that optimal comfort in buildings is linked to the climate it is in and can be
highly variable and season dependent. Therefore, creating and developing standards that
are universally applicable is a major challenge, whereas the development of climate
specific standards may make universality unnecessary. As adaptive comfort theory
demonstrates that the neutral operative temperature varies according to outside
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conditions, this means there is a range of optimal operative temperatures that exist with
respect to outside conditions.

Table 2-9: Neutral temperatures from thermal comfort studies in varying climates

Location

Climate
(Kdppen-Geiger)

Neutral
Temperature
T op (°C)

Year

Reference

Watford

Cfb

22.1

1995

[190]

Changsha

Cfa

21.5**

2007

[191]

Germany

Cfb, Dfb

22.7

2009

[192]

San Francisco

Csb

23.0* 22.1

2004

[193]

Lyons

Cfb

23.4

2008

[194]

Douala

Aw

25.0

2014

[195]

Serdang

Af

27.2

2009

[196]

Guangzhou

Cfa

28.0*

2010

[197]

Kharagpur

Aw

29.0

2015

[129]

Cfb: warm temperate, fully humid, warm summer; Csb: warm temperate, summer dry, warm summer; Aw;
equatorial winter dry; Cfa: warm temperate, fully humid, hot summer; Af: equatorial fully humid; Dfb: snow, fully
humid, warm summer
‘*”indicates cooling season neutral temperature
indicates between cooling and heating neutral temperature

Figure 2-7 illustrates the different neutral temperature ranges that exist for buildings
depending on how they are ventilated. While a range for mixed mode buildings is shown,
the definition of optimal conditions or comfort more generally in mixed mode buildings
still remains largely undetermined for many locations. Work by Rupp, De Dear, and Ghisi
et al. demonstrated different tolerances for different modes of operation in mixed mode
buildings in Brazil, but not a specific range for mixed mode buildings. Overall, the authors
found that there were two distinct ranges for two modes of operation, where the naturally
ventilated (NV) mode is close to adaptive comfort theory and in air-conditioned (AC)
mode rational comfort models that are used in standards are more applicable [206]. Other
work has shown that adaptive comfort models are the most applicable model for mixed
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mode buildings [204]. The work of Manu et al. [152] was one of the first to suggest a
mixed-mode (MM) ventilation model and found that occupants in AC buildings have a
“unit of change” in thermal sensation for every 4°C change in operative temperatures.
While, NV and MM buildings have a unit of change for every 7“C change in operative
temperature [152]. This demonstrates that occupants are more sensitive to changes in
operative temperatures in AC buildings than in NV or MM buildings. Carlucci and
Pagliano et al. [39] discussed many of the long-term thermal comfort evaluation indices
used in literature and in standards.
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Ml ( onditioiied
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Optimal opcratixe temperature (°C )

Figure 2-7; Optimal operative temperature ranges for different types of buildings by ventilation type. (NV
building figures were based on ASHRAE 55 and EN 15251, MIVl building figures were based on the work of
[152] in India, and ISO 7730 was used for AC buildings)

The authors report on the ability of these indices to assess discomfort due to temperatures
that are too high and too low (overheating or overcooling) and indices that look at
percentages of time within comfort ranges. Based on this, the authors find that
synthesising comfort into one parameter may not accurately reflect the comfort conditions
in a building. Challenges still remain in identifying the best combination of long-term
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indices that can be: a) applicable in natural, mixed-mode and air-conditioned buildings,
b) used in in all seasons and for entire buildings, and c) “free of discontinuities” [39].
One of the discontinuities that exists in long-term evaluations currently is that the optimal
comfort conditions for NV buildings in shoulder seasons is largely unknown. Another
discontinuity that exists in thermal comfort standards and in research in general is the
definition of overcooling in buildings. An overcooling definition has a significant bearing
on the implementation of passive energy saving control strategies like natural night
ventilation [39]. Typically, building control systems limit the outside air from entering
buildings if there is a high envelope temperature difference (AT = 20°C) [168] or if the
air temperature is too low (e.g. 10°C). Schulze and Eicker et al. [ 168] reported that natural
ventilation systems should have set-points that are compensated for the envelope
temperature difference and that set-points in buildings should be adjusted to avoid
overcooling. From a regulatory perspective, external temperatures that are too low usually
lead to the need for mechanical ventilation for heating or cooling. NV systems that can
resolve overheating without overcooling in conditions where there are high envelope
temperature differences could reduce the need for mechanical systems, however, these
types of systems are not demonstrated in literature.

2.5 Building performance simulation
2.5.1

Overview

Thermal comfort evaluations through the use of measured data are useful if we are
investigating the performance of an existing building. To evaluate the thermal comfort or
the energy performance of buildings under conditions where data is unavailable building
performance simulation is required. Building performance simulation attempts to
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replicate the performance of a building in reality by using a mathematical or physics based
model to predict the dynamic and transient behaviour of a buildings energy or comfort
performance. When models of buildings are made initially for the purpose of performance
evaluations, default conditions, values, constructions and assumptions are used to give an
estimation as to the performance at design stage. However, design stage simulations have
been shown to deviate largely when compared to measured data [207,208]. This gap in
performance between actual data and simulated performance is known as the performance
gap [208]. The process of tuning a design stage or initial model with reference to
measured data can improve the accuracy and certainty of and confidence in simulation
results. This tuning process is known as model calibration or empirical validation [209].
This section describes the field of building performance simulation with a particular focus
on model calibration and validation of whole building energy models for use when
predicting thermal comfort performance.

2.5.2

Building performance simulation: background and modelling methods

The arrival of building performance simulation as a stand out or separate disciple came
as a result of the need to simulate the energy performance of energy systems related to
the HVAC industry in the 1960’s and 1970’s [210]. Building performance simulation
mainly draws from the fields of “physics, mathematics, material science, biophysics and
physical behaviour” where simulations attempt to replicate “the complex interplay of
thousands of components”, “complex physical behaviour” and the “multiplicity of
interactions among them” [210]. Part of the complexity in simulating buildings is that
there can be a number of possible solutions to a problem or question due to the hyper
dimensionality that exists in the “several thermodynamic domains” that simulations
attempt to replicate [211]. From a practitioner’s perspective, energy and environmental
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modelling or simulation began out of need to reduce the negative impacts of buildings on
the environment as there was a “significant opportunity... for energy savings” [212].
Most importantly building performance simulation allows for simulators to ask questions
which go from “the simulation of phenomena to decision making” [210].

Building

performance simulation began out of a need to demonstrate energy savings. It was later
in the evolution of the field that building simulation was used for comfort. Many models
have been used to simulate or predict energy or comfort in buildings and these can be
broadly classified into “white box”, “grey box” or “black box” models. White box models
are physics based models that are typically based on fundamental heat balance equations
and conservation of mass and energy principles. Theoretically white box models require
no training data, and can be used in a wide range of conditions and for a wide range of
applications. Black box models are data driven models that either use statistical,
regression, or machine learning algorithms to draw relationships between variables.
Unlike white box models, black box models can only be used for the application that they
are designed for and the range of conditions that they have been trained for, consequently
black box models require a large spread in data. Grey box models or hybrid models are
combinations of white box and black box models. Typically, grey box models simplify
the energy balance theory used in white box models into lumped parameters and then use
auto-regressive or machine learning algorithms (that are used to make black box models)
to tune these lumped parameters. Simulated thermal comfort evaluations have been
predominantly performed using white box models. White box models typically take the
form of whole building energy and comfort simulation programs that have used widely
in literature [168,213-215]. Many of these simulation programs have been used in
research for the evaluation of either energy or comfort performance, the two of the most
widely used programs are EnergyPlus [216] and TRNSYS [85]. Both programs use
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similar heat balance theory and have been validated under controlled conditions [217].
As mentioned previously simulation programs account for many thermodynamic
processes that exist in buildings and also account for the boundary conditions that exist.
Building simulation programs typically have weather file interpolators or generators to
account for climate and micro-climatic conditions outside the buildings, and they can
allow for the definition of the boundary conditions of adjacent zones. These programs
also account for gains from internal processes (e.g. appliances, people and lighting), can
simulate the air movement by mechanical or natural means, and can estimate the complex
interaction of the thermal energy between the surfaces of zones in a building by
convection and radiation. As demonstrated previously in section 2.3 this balance has a
direct effect on the temperature that is simulated in room and the energy consumption of
buildings. Section 2.5.3 describes the heat balance in the typical building model used in
TRNSYS 17, as well the mass balance used for estimating airflow for openings in the
coupled airflow network model TRNFLOW [218].

2.5.3

Theory in whole building energy models

Type 56 in TRNSYS uses an energy balance model to predict internal air temperatures
within a zone. Equation (2-13) describes the energy balance (balance 4) Qt^bai for ^riy
zone i, where Qi bai should equal to zero at each time-step.

Qi,bal

Qi,air

Qi.heat

Qi,cool

Qi,inf

Qi.vent

Qi,coup

Qi.trans

(2-13)
"b

Qi,int

"b

Qi,wgain

“b

Qi,sol
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Where, Qi air is internal energy of a zone, Qi^heat

Qt^cooi ^re the power of ideal

heating or cooling from radiative or convective sources, Qijnf is the infiltration gains,
Qi.vent

is the ventilation gains, Qi^coup is the coupling gains, Qt^trans is the transmission

into the inner surface node, Qi int is the internal convective and radiative gains, Qt^wgain
is the wall gains, Qi^soi is the absorbed solar gains on the inside surfaces of zones, and
Qsoiair,i

is the fraction of solar radiation entering a zone that is immediately transferred

immediately as convective gains [76]. Based on the heat balance shown the indoor air
temperature for each free floating aimode in a zone is calculated using in Equation (2-14).

(2-14)

Where, Q is the thermal capacitance, — Ti is the rate of change of internal air temperature,
Qi

is the net heat gain into the aimode i. This relationship is further simplified in Type56

where the net heat gain is considered constant during any time-step as is shown in
Equation (2-15).

QiM
T'ij ~ T'i.r-M

“f

(2-15)

Ci

Where, At is the simulation time-step,

t

is the current time-step,

is the aimode

temperature at the beginning or previous time-step, Tj t- is the aimode temperature at the
current time, and Qi^f- is the mean net heat gain between the current time-step and the
previous time-step. TRNFLOW is an integration of the existing Type 56 multi-zone
building model and COMIS (Conjunction of Multizone Infiltration Specialists) [51].
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Equations (2-16) and (2-17) describe the calculation of mass flow through large vertical
openings above and below the neutral pressure level (zn) as described in COMIS [77].
Where, the flow is between two zones, zone i to zone j, rfizn,H is the mass flow rate above
zn, rfiQ zn is the mass flow rate below zn, Q is the discharge co-efficient, p is the density
of flowing air, H is the maximum height of the opening, W is the width of the opening
(for rectangular openings), and z describes the height that is currently being integrated.
The velocity of air flow at different heights Vij(z) is given by the orifice equation shown
in equation (2-18). Where, Pj (z) is the pressure in zone i at height z and Pj (z) is the
pressure in zone j at height z.

z=H

mzn.H = Cd

j

PVij(z) W dz

(2-16)

^o,zn = Q

j

pVij(z)Wdz

(2-17)

z=0

Vijiz) =

Pi (z) - Pj (z)

1/2

(2-18)

In TRNFLOW, wind driven influences are accounted for by adjusting the discharge co
efficient (Q) according to the Dascalaki correlation [78]. Further guidance on the use of
this correlation as it is applied to equations (2-16) and (2-17) is found in the TRNFLOW
User Manual.
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2.5.4

Calibration and validation approaches, standards and performance metrics

Predicting internal parameters and the heat balance related to thermal comfort in buildings
has been achieved in various ways and with varying levels of accuracy, where validated
models may be ± 30% accurate when predicting energy consumption for a given scenario
[219]. Part of the problem with simulating buildings is the number of possible simulations
that may need to be considered if we have no information about a building. Figure 2-8
shows an example of factorial design of simulations [220], where the relationship
between the number of combinations (R) that need to be simulated is dependent on the
number of possible variables (p), the number of possible levels in each variable (N) and
the variables that are known (k) for a given building.

N'

6

6

6

) A'

6 6 6
6 6

Figure 2-8: Full factorial design and building simulation
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A major problem that can exist, suggested by Clarke et al. [211], is that when the
difference between p and k is large, the number of simulations needed is large. For
example, if we have 15 variables that describe a building and each variable has three
levels this means that the number of combinations (or simulations) is over 14.3 million
(315).However, if we know even one variable with a high degree of certainty, we can
reduce the number simulations by over 66% (4.8 million, 314). If we know 50% of all
variables that describe a building we can reduce the number of simulations needed by
over 99%. To improve the accuracy of building models, and reduce the number of
simulations that are needed, a process known as model calibration was developed and has
now been used widely in literature [221-224]. This process involves collecting
information and data from a building and then using this information and data to tune a
model in order to simulate the operation of a building with a greater level of accuracy
[225].

Table 2-10: Calibration levels based on table from Fabrizio et al. [226]

Building Input Data Available
Calibration
Levels

Site Visit
or
Inspection

Utility
Bills

As-Built
Data

Detailed
Audit

Short-term
monitoring

Level 1

X

X

Level 2

X

X

X

Level 3

X

X

X

X

Level 4

X

X

X

X

X

Level 5

X

X

X

X

X

Long-term
monitoring

X

This detailed information allows those who are performing simulations to reduce the
amount of permutations that may exist for a given simulation problem. The method of
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calibrating models of buildings varies and can be done by using a manual
[222,223,227,228] or automated approach [229,230]. Both approaches adjust the
parameters of a model to reduce the prediction error within that model. It was suggested
by Fabrizio et al. [226] that calibration is performed on various levels which depends on
the amount building information that is available to the calibrator (see Table 2-10). As
was mentioned previously, calibration is also known as a form of empirical validation,
where a simulation program is validated using actual data from a real building, as opposed
to data generated from another simulation program (i.e. cross validation). Validation as a
term however, has been used in many ways to describe the comparison between actual
and simulated values. The main difference between validation and calibration in the
context of building performance simulation is that validation typically refers to “blind”
comparison without tuning, where no iterations or revisions to a model are made.
Calibration involves tuning and is performed with a series of iterations or revisions to a
model.

Validation studies that demonstrate the prediction accuracy of simulations

typically use the root mean squared error (RMSE) as a metric for validation. In Equation
(2-19) A//is the number of time intervals considered during monitoring period, S is the
simulated variable and M is the measured variable.

RMSEp =

IZi (S - M)2
N,

(2-19)

Calibration studies typically use standardised metrics to determine the validity or
accuracy of a model. The accuracy of a model is typically compared to allowable ranges
of these metrics from standards and guidelines [209] (see Table 2-11). These are broken
into monthly and hourly criteria to determine whether a model is calibrated adequately or
not. Studies have generally evaluated whether a model is calibrated based on ASHRAE
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Guideline 14 [231], the International Performance Measurement and Verification
Protocol (IPMVP) [232] or the guidelines from the Federal Energy Management Program
(FEMP) [233]. The typical standardised metrics that are used are the mean bias error
(MBE) and the co-efficient of variance root mean squared error (CVRMSE). Equations
(2-20) to (2-22) indicate how both of these calibration metrics are calculated. Calibration
standards permit that simulations are accurate to ±5% in some cases, which represents a
considerable improvement on the accuracy of validated software programs.

Ap =

IpM,

(2-20)

N,

CVRMSE (%) =

(2-21)

X 100%

MBE(%)=

(2-22)

Lp W/

Table 2-11: Standards and guidelines for model calibration
Monthly Criteria (%)

Hourly Criteria (%)

Standard/guideline
MBE

CVRMSE

MBE

CVRMSE

ASHRAE 14

±5

<15

±10

<30

IPMVP

±20

-

±5

<20

FEMP

±5

<15

±10

<30
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2.5.5

Temperature prediction accuracy of whole building energy models

Numerous case studies related to the calibration of white box whole building energy
models (WBEMs)

for energy consumption have been presented previously

[222,227,228,234]. A lesser number of these calibration case studies have focused on
predicting parameters related to the internal environment [222,234,235]. A fewer number
again of these case studies have looked at low energy or nearly zero energy buildings
(nZEBs) [52,234]. Table 2-12 summarises the number of research studies which have
demonstrated they can calibrate or validate a model for each respective parameter, for a
combination of white box or grey box approaches. Researchers have also used black box
or data driven approaches to predict the indoor climate in buildings. Researchers have
used artificial neural networks (ANN) for predicting temperature [236-239], as well as
predicting the thermal sensation of occupants directly [240]. While all the studies
presented here demonstrate they can calibrate or validate to a reasonable level of
accuracy, part of the problem that is presented when calibrating models for thermal
comfort, is there are no unified metrics used for prediction purposes for studies to be
compared to.

Table 2-12: Comparison of previous case studies for calibration or validation using white box and grey box
methods using real buildings
Building

No.

Energy

Temperature

RH

Office

12

11

2

0

Synthetic

5

4

1

0

[241,250-252]

Residential

3

1

2

2

[234,235,253]

Commercial

1

1

0

0

[223]

Historic

2

0

2

0

[254,255]

Educational

8

7

6

0

[225,228,230,256-260]

Low E/nZEB

3

3

3

1

[52,54,234]

Total

34

27

16

2
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As a consequence, there is an issue with comparing studies as authors can report data
based on an annualised, a monthly, a daily or a weekly average of each variable
considered. Authors may also report averages at building level or room level.
Furthermore, researchers have used different validation methods which can vary from
empirical validation (using measured data) to cross-validation (using synthetic data).
Therefore, comparison of reported values in studies should observed with caution unless
the same average period, interval and metrics are reported. Figure 2-9 illustrates the
typical errors observed in different building types that use different models to predict the
indoor air temperature only. This figure demonstrates that predicting space air
temperatures inside of naturally ventilated buildings is more challenging than
mechanically ventilated buildings. Furthermore, it can be seen that data driven
approaches can achieve the highest level of accuracy, however, as mentioned previously
there are questions as to the repeatability of black box approaches.

Natural
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Mccliaiiical

\\ lilt;
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(iro\
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Mean ■ Max

Figure 2-9: Average mean and maximum errors in indoor air temperature predictions for calibration and
validation studies depending on ventilation mode (left) and modelling approach (right)
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2.5.6

Relative humidity prediction accuracy of whole building energy models

Another key parameter of the internal environment is humidity or relative humidity (RH).
Most of the research focused on predicting relative humidity has looked the accuracy of
models with and without moisture buffering or hygroscopic materials. From an internal
environment perspective Wolosyzn et al. [261] found that the use of moisture buffering
materials can maintain RH indoors at acceptable levels and an RH sensitive ventilation
system can reduce energy consumption. Royapoor and Roskilly et al. [222] excluded RH
as part of their calibration study as they found that there are some limitations in the
application and accuracy of simplified hygrothermal models that are used in whole
building energy simulations. The amount of studies in literature that have predicted for
RH in real buildings without tight control over conditions still remains relatively few.
Kwiatkowski et al. [262] compared various humidity models, including the moisture
buffering model with that of a model that did not account for humidity under controlled
conditions in TRNSYS. What was clear from this work was that accounting for the
moisture buffering in whole building simulations can result in reasonably accurate
predictions of relative humidity. Woloszyn et al. [261] also demonstrated that many
simulation tools including IDA-ICE and TRNSYS 16/17 were capable of predicting
relative humidity with an accuracy of ±10% during controlled tests. Bishara, Haupl and
Hansel et al. [263] demonstrated that the simulation program CLIMT was able to predict
relative humidity accurately for both a climate archive building and a swimming house
near Bradenburg, however, they do not report on specific accuracies with reference to
typical calibration or validation metrics. Holm, Kunzel and Sedlbauer et al. [264] also
showed a good agreement between actual and predicted relative humidity for the WUFI±
program in a controlled test room. Woods and Winkler et al. reported on the accuracy of
both an effective capacitance (EC) and effective mean penetration depth (EMPD) model
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at predicting relative humidity in two residential buildings. The authors found that the EC
model and the EMPD model were capable of predicting relative humidity in CVRMSE
terms of between 8.0% to 9.3% for the EC model and 3.4% to 5.9% for the EMPD model
respectively [235]. Paliouras et al. [54] reported achieving CVRMSE values as low as
5.2% for RH predictions in a passive house. While, Martinez-Ibemon et al. [253] showed
through model calibration the RMSE of relative humidity can be reduced from 23.27%
to 3.63% in a residential building. Several other studies also present the accuracy of black
box models for predicting relative humidity in buildings. Mustafaraj, Lowry and Chen et
al. compared relevant work in the area of autoregressive linear (ARX) and non-linear
neural network based autoregressive models (NNARX) for predicting relative humidity.
The authors found that ARX models were able to predict with a mean absolute error
(MAE) from 0.01% to 1.55% with relative humidity data of between 50% and 77%, while
NNARX were capable of predicting with a MAE between 0.06% to 0.45% with relative
humidity data between 54% and 90% [238]. Mba, Meukam and Kemajou et al. showed
that artificial neural networks (ANNs) are capable also achieving high levels of accuracy
for predicting relative humidity with reported correlation co-efficients of between 0.87
and 0.99 [236]. Shi et al. also indicated that a backpropagation ANN can predict relative
humidity quite accurately 72 hours in advance with and observed MAE of 0.217% [265].
Generally research has shown that relative humidity can be predicted by white box models
with mean absolute errors (MAEs) of between 3% and 20%, while black box models are
able to predict the RH with MAEs of between 0.06% and 1.55%.

2.5.7

The performance gap and occupant behaviour in research and practise

One problem with simulations in general is they often use or refer to reference buildings
and use these to attempt to generalise as to the typical or representative construction types
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that exist, and make assumptions around the behaviour of occupants, the efficiency of
energy systems, or the fabric performance of the buildings that are being simulated. The
result of this is that there is a gap in between the simulated and measured energy
performance of buildings, more commonly known as “the performance gap” [208]. This
can be of particular significance for low energy or nearly zero energy buildings as the
factors that generally influence the performance gap (e.g. occupant behaviour) can have
more influence on the energy balance in these types of buildings. Furthermore, the
prediction gap between actual and simulated internal environmental parameters in
thermally decoupled buildings with “passive design features” or naturally ventilated
buildings has been seen as greater than other buildings [49] and is a research problem that
needs addressing. As can be seen from Table 2-13 there can be a significant differences
between the actual and predicted energy consumption levels depending on the research
study and the building type. According to Menezes et al. [208] it is the prevalence of
“poor assumptions” and the “lack of monitoring” post-construction that has led to a
performance gap. Through the use of post-occupancy evaluation and “basic monitoring”
the authors were able to demonstrate that the gap can be closed. Kampelis et al. [266] has
also shown that for certain low energy building types and applications the performance
gap can be very small. Zou et al. [ 17] suggested eight categories for further research which
would close the performance gap. One of these is the practise of validation during
modelling and simulation, another is the need for correct information for energy
performance evaluations. In these studies the vast majority of work cites occupant
behaviour as the main reason for the performance gap [208,270,273-276]. “Occupant
behaviour is complex, stochastic and multi-disciplinary” [277] and can be a major
contributor to increased energy consumption [278]. Unfortunately, our understanding of
the behaviour of occupants is limited. However, more recent international work related
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to occupant from the lEA Annex 66 (Definition and Simulation of Occupant Behavior in
Buildings) has already provided some great insights into how occupant behaviour can be
modelled [60].
Table 2-13: Observed energy performance gap for different building types

Building type

Low energy
(Yes/No)

[266]
[266]
[267]
[268]
[269]
[269]
[51]
[266]
[270]
[271]
[272]

In use factor or
performance
gap
1.02
1.3
1.3
1.5
1.7
1.9
2.5
2.78
2.87
4
5

Office
Industrial
University
University (Research)
Office
Education
Residential
Residential
Residential
Residential
Office

Yes
Yes
No
No
No
No
Yes
Yes
No
Yes
No

[268]

5.2

University (Academic)

No

Reference

The modelling of occupant behaviour has been typically separated into three types of
behaviour: movement, presence, and action models [9,279]. In practice occupant
interactions with and in buildings are often over simplified, where typically presence
levels only are considered. However, occupant’s interactions can take many forms where
the major behaviours identified in recent work by Yan et al. include, light-switching,
window blind-adjusting, window-opening, thermostat-adjusting, clothing level-choice
and adjustment, fan use, and door use [280]. Modelling of these types of interactions and
behaviour has been found to have a major bearing on the accuracy of a simulations
[281,282] and on the predictions of internal temperatures in buildings [163], particularly
in naturally ventilated buildings with user-control. As a result, there has been a large
amount of published research on occupants window opening behaviour in the past ten
years [280,283-289]. However, the number of buildings that have been studied are few
[280]. An issue in leveraging or accounting for the “human factor” in building simulation
94

Literature Review
is the issue of adopting it in practice. Gandhi et al. found that practitioners have received
little guidance on the use of stochastic window opening models and highlighted the need
for researchers to apply the adaptive model more widely [58]. While exclusive
comparisons between researcher and practitioner approaches to simulation do not exist
objectively in research, some research exists that discusses the difference in researcher
and practitioner approaches or methods applied in building simulation [9,58,225,290].
Snyder et al. discusses the practical issues that are experienced during calibration,
highlighting the many errors and uncertainties that exist in practise that can have multiple
solutions to the one problem. This makes the calibration process a blend of art and science
in practise. The authors identify the use of complex sensitivity methods and automated
calibration approaches as too time and cost expensive for use in practise currently [225].
Similarly, Gandhi, Brager and Dutton et al. highlight that practitioners use opening
schedules that are often based on the “ideal user” and often automated systems are used
as opposed to occupant driven models. Through interviews with practitioners the authors
found that guidelines for modelling stochastic window opening behaviour are needed by
practitioners going forward [58]. Gaetani et al. supports this point with their work,
highlighting that there is a need to switch from the researcher as the primary end user of
simulation tools, and that the use of occupant behaviour in practise should be “fit-forpurpose” with an appropriate balance of complexity and simplicity [9].

Gul et al.

supports this viewpoint also when the modelling of future overheating is concerned. The
authors report that a “balance of simplicity, complexity and content” is required by
practitioners. They also highlight that the current research methods for conveying
overheating risk may be too complex and time consuming, and expensive for use in
practise. While the causes of interactions with ventilation systems are not always
thermally driven [291], there is a need for models to be calibrated in order to take into
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account the thermally driven aspect of occupants’ interactions within the building
envelope. This would be of particular significance for future climates where the number
of overheating instances in buildings are likely to be greater, leading to higher interaction
levels and a higher demand for ventilative cooling in office buildings [292], With this
energy performance gap there are other risks that potentially exist when simulating
nZEBs. One of these risks is the potential for simulations of buildings to under-predict
the overheating risk, this is of particular significance as many thermally decoupled
buildings like low energy buildings or PHs have already reported issues with overheating
[55,293,294], Although mechanical cooling is an obvious, comfort option (that can deal
with overheating) and has been shown to be a prevalent feature of existing certified
nZEBs in the EU [295], the use of mechanical systems will result in reduced energy and
environmental performance. An energy efficient approach would be to benefit from all
natural resources where possible, before using mechanical systems.

2.6 Passive cooling
2.6.1

Overview

The choice of method for cooling buildings can result in varying levels of energy
consumption depending on whether cooling is provided mechanically, naturally or by a
combination of both. Passive cooling systems refers to systems that control or regulate
internal conditions in buildings by passive means (e.g. natural ventilation). From section
2.3.2 an example of passive heating is indicated. From section 2.4 we can see that the
definition of optimal comfort is dependent on whether a building is mechanically or
naturally cooled, and that this difference in definition can potentially result in energy
savings (see section 2.4.11). From a building performance simulation perspective there
are many examples of the energy saving potential of passive cooling systems and
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technologies that do not compromise on occupant thermal comfort. However, the use of
passive cooling techniques like natural ventilation have “become somewhat of a lost art”
[38], especially with the increasing use of mechanical systems for comfort cooling. The
use of passive cooling techniques, systems and strategies could prove vital in achieving
EU emissions targets, however given the expected increase in global temperatures,
passive cooling systems may be limited by climate constraints. Therefore, passive cooling
systems need to be tested in extreme conditions to show how resilient they are to climate
change. In this section of this literature review the topic of passive cooling is presented,
from the background of the area, the techniques that are used, the resulting energy
savings, the control strategies that have been incorporated into buildings in the past, as
well as a view to the future resilience of passive cooling systems.

2.6.2

Passive cooling techniques

“Passive cooling refers to any technologies or design features adopted to reduce the
temperature of buildings without the need for power consumption” [14]. Passive cooling
techniques consist of methods which regulate or prevent heat (through solar or heat
control), dissipate heat (into natural sources like the air, the ground or the water), and
incorporate some storage or modulation of heat in the thermal mass of a building where
heat surplus is available [296,297]. Various passive cooling systems have been
investigated in literature. Research papers have typically investigated the use of: a) natural
ventilation [12,14,47,297-299] b) night ventilation [300,301] c) solar shading [14,302]
d) thermal mass [298], e) green roofs [14,303], f) evaporative cooling [14,304], g) ground
cooling [296], h) surface coatings [305], and i) phase change materials [215].
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2.6.3

Energy saving potential of passive cooling systems

Passive cooling by using natural sources has been shown to have a significant impact on
the energy demand for cooling in buildings across a wide range of climates. Typically
passive cooling systems incorporate a combination of natural ventilation, night-time
ventilation, thermal mass and solar shading. In the past, the main advantage of natural
ventilation was that it was free [306]. However, as a control option the use of passive
systems have been branded “as a disturbance to the control system”. While regulating
solar gains was viewed with a level of determinism, natural ventilation as a control option
was considered as indeterminate and estimates of how it might be simulated in a control
appraisal were considered to be of a conjectural nature [306]. Since then, many simulation
studies of passive cooling systems have been demonstrated in the literature. Table 2-14
summarises the maximum energy saving potential of natural or passive cooling systems.
Passive cooling systems have been shown to result in overall energy savings of between
5% and 85% when compared to mechanical systems. However, results are dependent on
the climate, the combination of systems (i.e. solar shading and natural ventilation), other
environmental constraints (i.e. air quality) and the baseline system that the passive system
is compared to. Other approaches outside of reporting the energy savings from passive
cooling strategies, have reported the hours where natural ventilation can maintain
acceptable levels of thermal comfort. Cheng, Li and Bahnfleth et al. [313] investigated
the potential for the use of natural ventilation in a gymnasium located in the north-eastern
United States. The authors found that natural ventilation could maintain thermally
comfortable conditions for 85.3% of the occupied hours. The authors also attempted to
optimise the indoor air quality (lAQ) in the building and found that maintaining thermally
comfortable conditions while maintaining lAQ reduced the number of occupied hours
where both were satisfactory. Schulze and Eicker et al. [314] assessed the performance
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of controlled natural ventilation for lAQ and passive cooling in existing and “state-ofthe-art” office buildings for a moderate climate in Stuttgart, Germany.

Table 2-14: Simulated energy saving potential of passive cooling

Reference

Koppen-Geiger Climate Zone

Maximum
energy savings

Building Type

(%)
[14]

BWh

23.6

Residential

[307]

Cfa

30

Office

[308]

BWk, BSk, Csa

33

School

[309]

Dfb
Af, Am, Aw, BWh, BWk, BSh. BSk,
Cwa, Cwb, Cfa, Cfb
Am, Aw, BW'k, BSh, BSk, Cwa, Cfa,
Cfb,Dwa, Dsb, Dwb, Dwc, Dfa, Dfb,
ET
Cfa, Dwa, BSk

37.5

Residential

54.4

Residential

78

Office

85

-

[310]
[311]
[312]

The authors found that, for the moderate climate of Stuttgart, mechanical cooling is not
necessary irrespective of whether it is new or existing office building. Chen, Tong and
Malakawi et al. [315] calculated the potential for natural ventilation in 1,854 locations
across the world and then simulated the actual cooling potential of 60 of the largest cities
by using whole building simulations. The authors found that natural ventilation was
capable of maintaining comfortable conditions from 0% to 98.9% of the annual occupied
hours and depended largely on the climate. These studies demonstrate that there is a large
potential to cooling buildings passively, and that this potential can vary largely on the
systems that are used and on the control conditions that are applied.
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2.6.4

Passive control strategies
2.6.4.1 Previous work in international annexes

From section 2.4.11 we can see that most control strategies use simple dead-hand control
for maintaining comfortable conditions at zone-level. However, other examples of
different passive control strategies do exist. International studies on the control of
ventilation rates have been presented in the form of collaborative annexes since the late
1980’s and the early 1990’s [62,316,317]. These annexes present the control of
ventilation that can be purely manual [316] (i.e. occupants have full control), can be fully
automated (i.e. BMS has control), and some of the work has looked at how both
mechanical and natural systems can be controlled together as well as systems that
consider simultaneous manual and automated control systems [62,317]. In Annex 35
(Control Strategies for Hybrid Ventilation in New and Retrofitted Office Buildings
(HybVent)) a great amount of detail was given as to the control strategies used in mixed
mode buildings, where a lot of the strategies considered had passive elements [317]. The
work presented in this annex found that where control of ventilation systems are to be
optimised for passive cooling performance that a) the flow rate needs to be higher than is
required for lAQ control, b) low temperatures should be avoided at the beginning of the
day and allow an adequate temperature rise during the occupied hours, c) internal heat
loads should be reduced and solar shading should be incorporated, d) thermal mass should
be exploited, and e) windows should be allowed to be opened by occupants [318]. Overall,
the passive control strategies that were considered highlighted that passive control
strategies are highly dependent on the application and on the control variable (e.g. lAQ,
temperature), the time of day (e.g. day or night) the season (e.g. summer, winter, shoulder)
or the mechanism that is being controlled (e.g. shade, opening, fan ) [319]. In the recently
completed Annex 62 (Ventilative Cooling), the focus was on making ventilative cooling
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(through increased ventilation rates) an attractive and energy efficient cooling solution to
avoid overheating [320]. Part of the deliverables were to produce well-documented case
studies of passive ventilative cooling systems [321], Like in Annex 35, not all the
ventilation systems studied were purely passive systems, however, all of them took
advantage of the untreated potential of outdoor air in some form or another, through
increased ventilation rates. Of the case studies that were analysed as part of this annex all
case studies used air temperature as a control parameter (with a set-point between 20°C
and 24°C), over 69% of the case studies used night-time ventilation, over 60% of the case
studies used an external temperature limit as a control parameter (with a limit of between
10°C and 18°C), and the use of relative humidity, wind speed and rain was only present
in some systems [322]. From a control perspective the outcomes of this annex indicated
that the design of a well applied control strategy for a given building depends on the: 1)
building type and design, 2) ventilation system, 3) constraints (e.g. noise, security, rain
and others), 4) solar shading, 5) internal heat load. 6) dress code, 7) user expectations,
and 8) user habits [322]. Combinations of all of the aforementioned controlling
parameters and variables have been highlighted in available literature.

2.6.4.2 Examples of controlled passive cooling systems
In literature, controlled passive cooling systems have been shown to significantly reduce
the overheating risks in buildings [323]. Many authors have reviewed and presented
studies on the effectiveness of controlled solar shading and its effects on overheating in
buildings [324-332]. Authors have found that solar shading that is dynamic is more robust
over static shading [332] and that control strategies which operate based on solar radiation
and temperature outperform those that use temperature only [325,331]. The control of
natural ventilation during day-time and night-time has also been investigated
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[47,323,333]. Psomas and Heiselberg et al. [334] investigated control strategies for
controlling advanced natural ventilation systems in a residential building. The authors
found that static (or rigid) trigger set points performed better than dynamic (or adaptive)
set-points for reducing overheating, however, no overcooling metrics were reported.
Schulze and Eicker et al. [333] simulated the performance of different strategies for
controlling natural ventilation systems in different countries. In their work, the authors
demonstrate that “controlled natural ventilation shows a good functionality” and that a
combination of natural night ventilation and a “heavy building construction” ensure the
compliance of buildings with adaptive thermal comfort standards. The authors also found
that the reduction of internal gains and “external heat sources (solar radiation)” was
considered of “crucial importance” for guaranteeing comfort in summer. Previous
research by Breesch, Bossaer and Janssens et al. [47] showed that natural night ventilation
can be vital to ensuring the summer thermal comfort performance of a low energy
building.

2.6.4.3 Future resilience of controlled passive cooling systems
A lot of the reported literature on passive cooling focuses on the dissipation of heat to
avoid warm discomfort via overheating. Much of the concern with passive cooling is that
dissipation techniques are often climate dependent, this is as particular risk where
multiple constraints exist (i.e. security, rain ingress, air pollution) and cooling potential
is limited due to current micro-climatic limitations (i.e. urban heat island) or future
limitations (i.e. climate change). While perspectives on the definition of resilience in the
context of these limitations are few and far between, resilient cooling has been “used to
denote low energy and low carbon cooling solutions that strengthen the ability of
individuals, and our community as a whole to withstand, and also prevent, the thermal
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and other impacts of changes in global and local climates, particularly with respect to
increasing ambient temperatures and the increasing frequency and severity of heat waves”
[21]. While examples of passive resilient cooling systems are few some research proposes
the stress testing of passive cooling systems by simulating the thermal comfort
performance of buildings in extreme weather conditions. Breesch and Janssens et al. [300]
investigated the uncertainty in thermal comfort performance associated with using natural
night ventilation in office buildings. The authors also looked at the effect of climate
warming on the feasibility of using natural night ventilation over the summer. It was
shown that to “ensure a good probability of good thermal comfort” natural night
ventilation would need to be combined with other measures like improved thermal mass,
this research also supported the testing passive design solutions through the use of
extreme or “warm” weather files [300]. Similarly, Lomas and Li et al. [48] simulated
resilience in the design of advanced natural ventilation systems (ANVs) in temperate
climates in different parts of the United Kingdom (U.K.). By predicting the indoor air
temperature the authors assessed the capabilities of different ANVs at satisfying comfort
by using typical meteorological years (TMYs), using design summer years (DSYs) and
future weather files. The authors concluded that areas in the southeast of the U.K. will be
unlikely to maintain comfortable conditions beyond the middle of the century. The
authors also suggest that more work is needed in this area. In other work which is focused
on a climate resilient care centre, the analysis by Pagliano et al. [46] confirmed that
passive cooling could be resilient in guaranteeing comfort for “special cases” (Adaptive
category I) by using passive cooling strategies until 2080, where after this active cooling
will be needed to maintain comfortable levels for these occupants.
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2.7 Nearly zero energy buildings
2.7.1

Targets at national and European level

In order to improve the energy efficieney in the building stock, most European countries
have accepted the need to set legislation that will bring about nZEBs. This has led to
current energy performance of buildings directive (EPBD) which targets all new
buildings to be nZEBs by the 3 E* of December 2020. The definition of a nearly zero
energy building according to the European Commission is a building that consumes a
“nearly zero or very low amount of energy’' and that this nearly zero amount “should be
covered to a very significant extent by energy from renewable sources, including energy
from renewable sources produced on-site or nearby” [70]. This broad definition has led
to member states setting different levels for nZEB levels. Figure 2-10 shows the range
primary energy consumption per square metre for the European building stock. The upper
part of the range is non-residential and the lower part of the range is residential.
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Figure 2-10: Comparison of typical energy intensities in the building stock of the EU, Ireland and the defined
range for nZEBs. Irish values for residential buildings were taken from [35] while non-residential values were
based off of a combination of [75] and CSO statistics for 2016.
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The same figures are presented for Ireland. Generally, the net primary energy
consumption has been seen to be in the range of between 40-55kWh/m^/a for most
member states [71,72]. However, some member states like Denmark define an nZEB as
less than 20-25kWh/m^/a. The range of net primary energy consumption levels that can
be considered nearly zero energy is presented in orange. Based on the figures provided in
Figure 2-10, reductions in the order of 70% for residential and 81% for non-residential
buildings in primary energy terms are needed for the EU building stock to be at nZEB
levels (40-55kWh/m^/a). In Ireland, a 64% and 78% reduction in primary energy is
needed to achieve the same target. These percentages clearly show the disparity between
the current energy performance of the existing building stock and where the energy
performance needs to be in the future.

2.7.2

Characteristics and challenges

Delivering nZEBs will be a major challenge and will be particularly challenging for
existing buildings as renovation rates in Europe are moving at a slow pace [72]. Although
the concept of nZEBs is relatively new and definitions are broad, there is some published
research on nZEBs that highlights the key characteristics of nZEBs and challenges that
exist in their implementation [22,72,295,335,336]. Attia et al. discussed the future
challenges of nZEBs in Southern Europe in particular, and highlighted that, while nZEBs
are likely in Northern Europe, most countries in Southern Europe are not prepared,
making the implementation of nZEBs unlikely. Part of the issues that were presented in
this work were that while directives stipulate that achieving nZEBs requires a fabric first
approach and optimised passive cooling, some member states have conflicts between
design objectives in summer and winter that make defining nZEB levels difficult (e.g.
Romania and Hungary). Heating energy consumption targets were considered well
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established (e.g. 15-30kWhym^/a) with standards like PassivHaus [337], however,
equivalent cooling energy consumption standards are not established and the number of
studies addressing summer comfort in nZEBs based on measured data is currently limited
[22]. D’Agostino, Zangheri and Castellazzi et al. presented work on the retrofit of nonresidential buildings to nZEB standards in Europe. The authors found that the retrofit of
the existing building stock is one of the biggest challenges facing the building sector but
can have wide ranging benefits to society in the form of “energy security, job creation,
fuel poverty alleviation” and improved “health and thermal comfort”, however, more
“detailed roadmaps” are needed from a policy perspective which point the way to their
mass implementation [72]. Fortunately, examples of nZEBs [295] and “net zero energy
buildings” (NZEBs) [52,338-341] exist and design is moving towards the realisation of
“positive energy buildings” (PEBs) [342]. Paoletti et al. studied the thermal
characteristics, “design strategies and technologies implemented” in a sample of over 400
nZEBs that were estimated to fulfil the nZEB targets as defined at national or regional
level based on the energy performance certificates (EPCs) for each building [295].
Although some nZEB definitions for member states were considered broad [336], the
work presented in [295] suggests that nZEBs have some common thermal characteristics.
Buildings in this study generally had fabric u-values (for walls, roofs and floors) of less
than 0.23W/m^K and window u-values of below 1.04W/m^K. The authors found that
there was “no significant relation between nZEB heating demand and HDD” [295], which
suggests that the design of nZEBs is thermally decoupled for climate considerations.
Another common characteristic of the nZEBs studied was that 84% used mechanical
ventilation with heat recovery (MVHR) for ventilation purposes, and 32% of the
buildings used heat pumps for space heating and 75% of the buildings used heat pumps
for space cooling [295].
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2.7.3

Case study examples of measured nZEB performance in literature

There are currently very few well documented examples of nZEBs in published literature
[52,338,343,344], where all documented examples of measured nZEBs have been
published in the past two to three years. Wells et al. reviewed examples of net or nearly
zero energy buildings in order to reflect on what might be applied to the Australian
context [338]. In this review, ten case study buildings are examined holistically from cost,
energy and environmental contexts, however no measured performance is reported. One
of the major conclusions of this research is that definitions of net or nearly zero energy
buildings is not universally agreed and that there are various ways to achieve the target.
The vast majority of the case study buildings reported in this study incorporated energy
efficiency measures such as natural ventilation, shading, and sufficient insulation as part
of their design to achieve nZEB levels. Ascione et al. reports the actual energy
performance of a public nearly zero energy case study building in Berlin, where they
report on the reasons for the performance gap from design, simulation and monitoring
[52]. Colclough et al. report the energy and comfort performance of passive houses that
achieved a measured nZEB level of performance in Ireland, where their work indicates
that a high level of both energy and comfort performance are acheived if the passive house
standard is used [344]. Kampelis et al. presents an evaluation of the performance gap for
industrial, residential and tertiary nZEBs [266], where measured examples of nZEBs for
different building types are presented.
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2.7.4

Challenges in the definition of thermal comfort in nZEBs

One of the main challenges that has been presented in the literature around thermally
decoupled

buildings

like

PHs

and

nZEBs

is

that

they

can

overheat

[41,64,65,153,156,157,323]. The focus on overheating in energy efficient nZEBs and
PHs has fed directly into the concern about the expected increases in cooling demand for
all buildings [13,26,37]. Consequently, the focus on potential passive cooling solutions
and strategies has grown [14,46,47,345-350]. The success of passive cooling systems and
their ability to reduce overheating, hinges on the definition of what thermally comfortable
conditions that control systems are attempting to maintain. Although it has been shown
in a limited number of studies that optimal operative temperatures vary with respect to
energy efficiency, more examples are needed to determine if energy efficient buildings
(like nZEBs) are different from a thermal comfort perspective when compared to their
conventional counterparts. loannou and hard et al. studied the effect of energy efficiency
on thermal sensation in residences in the Netherlands. The authors found that neutral
temperatures in the kitchens and bedrooms of A-rated residences were 3-4°C higher than
those in F-rated residences. This indicated that thermal neutrality was dependent on how
energy efficient the buildings were [205]. In spite of this, our understanding of adaptive
comfort in nZEBs is still limited and more research is needed in this area [63].

2.7.5

Examples of nZEBs in building performance simulation

There have been a larger number of examples of published research that simulate the
performance of theoretical performance of nZEBs [54,293,351-355]. The vast majority
of these simulation studies focus on residential buildings [54,281,293,352-354], with the
remainder being non-residential buildings [266,351,355]. Of the papers that focus on
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calibration, validation or the performance gap, the vast majority mention occupant
behaviour as a reason for the performance gap [52,54,266,281]. In previous work by
Ascione et al. which focused on model calibration for a net zero energy building in
Germany, “the pattern of use”, “occupant behaviour” and predicting the “natural
ventilation rate” were all cited as the main reasons for deviations in predictions of energy
consumption in the building [52]. In work by Bonte et al. [281], a comparison of the
influence of six different occupant interaction types, related to blind operation, lighting,
window operation, set-point adjustments, and fans and clothing is presented. The authors
found that the set-point adjustments to building systems had the largest influence on
thermal sensation with a difference of up to 4.0°C. In other related post-occupancy
evaluations in low energy homes in the UK, it was found that the “behaviour of occupants
may play a critical role in reducing or increasing temperatures in homes” [163].
Furthermore, Kampelis et al. report that the performance gap could possibly “be
addressed by technical improvements or changes related to human activity” [266]. In
general examples of calibration studies in nZEBs are limited to predictions of energy
performance, which is largely the same in the field of building performance simulation
(see section 2.5.4). However, some calibration and validation studies exist for low energy
or houses [54,234,253], which can have a similar thermally decoupled environment to
nZEBs. All of these studies are for residential buildings only and report achieving a
CVRMSE value of less than 5% for predicting temperatures [54,234] or relative humidity
[253], examples of non-residential calibration studies for nZEBs are currently limited
[52,266].
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2.7.6

Examples of passive control strategies used

As passive cooling systems have been shown to save energy and can maintain
comfortable conditions for large portions of the year (if not the entire year), they remain
a low carbon choice for maintaining comfortable conditions. However, as only 36% of
the nZEBs studied by Paoletti et al. [295] declared passive solutions, this suggests that
the dominant design is to use mechanical systems. Psomas and Fiorentini et al. [334]
found that there was a “lack of well documented, mature and validated ... tools which
may replicate and represent precisely the complexity of air-movement and the control of
automated systems”. As design assessments of thermal comfort are done t>pically by
simulation [356], it is likely that designers will incorporate systems that will ensure
comfort conditions, regardless of the energy cost. From a non-domestic building
perspective, Carrilho da Graca and Linden et al. [38] describes the lack of knowledge in
the design and “integration of NV systems” as a potential reason for the lack of adoption
in NV systems in practise. The challenge in non-domestic nZEB buildings is cooling and
not heating [38], however, given the lack of fundamental knowledge of NV systems, more
research is needed to demonstrate their effectiveness. Part of the concern in all buildings
but particularly thermally decoupled buildings is ensuring that NV solutions that are
designed now will perform the same with the inclusion of climate warming. While there
are some examples that demonstrate how comfort resilient NV systems can be
[46,48,300], our understanding of the future performance of non-residential NV nZEBs
is still limited, and more examples of low carbon resilient cooling systems are needed
[21].
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2.8 Conclusions of literature review
There is a growing need for nZEBs, and the gap between current stocks and nZEB levels
is considerable. There is a risk that nZEBs will suffer from a performance gap and will
overheat, resulting in them potentially becoming reliant on mechanical systems.
Furthermore, the relationship between the thermal environment in nZEB, outside
conditions and typical cooling degree day methods may be challenged going forward.
These developments aid in understanding the future challenges for the building stock.
Delivering nZEB standards in retrofitted or new buildings could result in other societal
benefits due to improved thermal comfort. By improving thermal comfort and energy
performance in buildings, worker satisfaction and productivity is improved, mental health
can be improved and this can reduce the cost in employee absenteeism and performance,
while the cost to health systems is reduced and fuel poverty can be eradicated. The
adoption of a passive cooling system or mode in buildings has the potential to reduce
cooling energy consumption in buildings. This potential is heavily linked to underlying
principles of adaptive thermal comfort which can expand the upper limit for which
cooling is required, thus reducing cooling energy consumption. However, predicting the
thermal comfort in buildings even through dynamic simulation has it limits in accuracy.
The challenges in predicting natural flows makes simulations in naturally ventilated
buildings more difficult than other types of building. In the existing literature, there are
limited examples of model calibration for parameters which described the performance
of the thermal environment or the thermal comfort performance (e.g. temperature and
relative humidity). Furthermore, proven examples of passive cooling systems in the
literature that are used in nZEBs are limited.

Based on this literature review the following conclusions can be made;
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1. The increased need to reduce the energy consumption in the building stock has
resulted in increased interest in and publications about nZEBs. However, given their
seemingly increased reliance on mechanical systems, there could be an increase in
their comfort-driven energy consumption going forward. Furthermore, our
understanding of the potential for natural ventilated nZEBs is limited as a result of the
limited number of examples of NV in nZEBs, due to the prevalence of mechanical
systems in existing nZEB examples.
2. Existing models and standards for evaluating thermal comfort are evolving in various
ways and challenges still remain in identifying the best long-term thermal comfort
indices that can be applied in all seasons and all buildings. Gaps in knowledge exist
in particular when it comes to definitions and modelling of comfort in NV buildings
during shoulder seasons. Although it has been shown with limited examples that the
energy efficiency of residential buildings has a bearing on thermal neutrality, no
research indicates that this phenomena exists in non-residential nZEBs, as very few
examples of thermal comfort in nZEBs have been presented in literature.
3. Adaptive comfort models for naturally ventilated buildings are still developing,
especially given the growth in published literature and the creation of new standards
for different countries. Recent work has highlighted the gap in knowledge in relation
to how adaptive models should be applied in buildings, where this issue is applying
them in their current state in mechanically ventilated buildings and mixed mode
building may not be appropriate. Compliance with humidity ranges in standards is
another unexplored area as few authors who use the adaptive method report on
humidity.
4. Calibration for energy consumption in building simulation programs has established
itself as a means of ensuring accuracy in simulations using various modelling
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methods. However, calibration of predicting for internal environmental parameters
related to thermal environment is still lacking unified thinking on calibration metrics
at zone and building levels and general definitions for acceptable levels of comfort
predictions. Furthermore, calibration in the context of nZEBs is quite unexplored.
5. The performance gap between actual and predicted energy consumption values is a
major research problem and could result in buildings not achieving nZEB levels of
performance. Existing literature identifies occupant behaviour or interactions with
building systems as the main reason for this gap in performance. More research is
needed in identifying, explaining, and reducing the performance gap, as current
examples for nZEBs are limited and additionally there are few examples which
demonstrate comfort deviations as a result of occupant behaviour.
6. The expected increase in cooling demand in future climates due to climate change and
other factors is a developing area for comfort and natural ventilation research, where
early indications suggest cooling demand will increase substantially. More research
is needed to demonstrate the simulated performance, control and resilience of passive
natural ventilation systems for comfort cooling.

In summary, this review of literature has shown that there is an increased need to reach
nZEB levels and the gap between existing levels of performance and nZEB levels is large.
Knowledge of the potential of passive cooling systems to maintain thermally comfortable
conditions in these buildings is paramount. With the increase in predicted cooling demand
in future climates, understanding the potential limits of passive cooling systems in nZEBs
is imperative for optimal energy efficiency.
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3. Test-bed Building: Zero2020 Building
3.1 Overview and context
Based on the literature review that was presented in section 2 it was determined that
applied engineering research focused on nZEBs would contribute greatly to the research
field, but in particular non-residential and passively cooled nZEBs. Therefore, the next
step as part of the overall research methodology (see Figure 3-1) was to identify a test
bed building that was fit-for-purpose and was easily accessible.

Figure 3-1: Context of test-bed building in overall methodology

As well documented examples of nZEBs are sparse, especially those with detailed data
logging systems and building information, a building that had data logging capabilities
was seen as imperative to the research. While existing examples of test-beds, low energy
buildings or passively cooled buildings existed in Ireland [228], very few of these test
bed examples were seen as fit-for-purpose or as easily accessible as the zero2020 building
[357] which was located on the main campus of CIT and already had data logging
capabilities for energy and comfort. The following chapter presents the case study nZEB
(the zero2020 building) used for all experimental and simulation studies as part of this
thesis. All the relevant data logging and measurement capabilities, thermophysical
properties, information on energy systems, and long-term energy and environmental
performance is presented here and referred to in subsequent sections.
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3.2 Background, orientation and layout
The Zero2020 building is a 223m^ educational building that is part of the wider Cork
Institute of Technology (CIT) main campus located in Bishopstown, Co. Cork, Ireland.
The building is a renovated part of the existing CIT main campus building which was
designed in 1974 [357] (see Figure 3-2).

Figure 3-2: NBERT retrofit test-bed. Top left: original 1974 building. Top right: recently retrofitted building.
Bottom left: orientation of building. Bottom right: Layout and orientation of building including the location of
all instruments and sensors. Area in yellow hatch shows the location of the study in Chapter 4. Location of
study in Chapter 5 in shown in pink.
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The retrofit project was completed in 2012 and now the Zero2020 building hosts the
National Built Energy Retrofit Test-bed (NBERT) which functions as live test-bed for
research activities for micro-grid [358], ventilation [359] and thermal comfort
applications. Figure 3-2 provides some information regarding the layout of NBERT as
well as information on the automated ventilation openings and the location of some of the
sensors in the building. The building is located on the first floor and the main orientation
of the building is west facing with surrounding buildings that are of a similar height. The
building has mostly unobstructed views to the northwest and southwest but does have a
building 12 metres opposite the west facade. The NBERT building is a transiently
occupied space with typically eight to nine permanent occupants in the building. The
building is open from 08:00am to 10:00pm daily during each academic semester. Lectures
in CIT run typically between 09:00am and 06;00pm. However, there are a variety of night
time courses, which can have the building occupied until 10:00pm, depending on the day
of the week.

3.3 Building users
The majority of permanent occupants in the building occupy the office zones in the
building (Open Plan Office, Office 2, Office 1) while meetings are often held in the
Conference room. The Seminar room is used predominantly as a lecture space and is
occupied during the academic semester. The corridor space is occupied transiently, often
between lectures and night-time courses. All permanent occupants of the building were
not trained directly on how to operate openings as part of a manual control strategy,
however, they were made aware as to the automated and manual relationship (i.e. lower
manual, upper automated). Occupants were also made aware as to the manual override
switches that override the automated system. As the building is identified as test-bed
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building, all permanent occupants are typically made aware that the space functions as a
research and office space, so co-operation is advised and widely accepted.

3.4 Building fabric and properties
The external wall and roof for the building were amongst the lowest regarding fabric heat
loss in a recent study of naturally ventilated buildings [360]. Both the walls and roof of
the building have u-values that are less than 0.1 W/m^K and the windows have average uvalues that are less than l.OSW/m^K. NBERT has two types of glazing units, a triple
glazed unit with a g-value of 0.56 and a quadruple glazed unit with a g-value of 0.51 (see
Table 3-1). The office spaces have quadruple glazed units with slatted interstitial blinds,
while all other spaces have triple glazed units with internal roller blinds. All blinds in the
building are operated manually.

Table 3-1: NBERT thermo-physical properties for key building elements

Element

U-value
(W/m^K)

Construction

Location

Roof

0.09

200mm Kooltherm insulation, 150mm Concrete Slab,
25mm cork insulation, 5mm Asphalt coating

Flat roof

0.09

lOOmm Internal Block, 86mm BASF Walltite spray
foam, 125mm Aggregate panel, 30mm Air gap, 125mm
KSl 100 insulation, 37mm Air gap, 12mm granite
ceramic panel

Wall to exterior

0.98

4mm Saint Gobain Low-e Planitherm Total +, 16mm
90% Argon fdled gap, 4mm Saint Gobain Low-e
Planitherm Total +, 16mm Argon filled gap, 4mm Saint
Gobain Plainlux clear float

Board room.
Seminar room

Quadruple
glazed window

0.86

4mm Saint Gobain Low-e Planitherm Total +, 16mm
90% Argon filled gap, 4mm Saint Gobain Low-e
Planitherm Total +, 16mm Argon filled gap, 4mm Saint
Gobain Plainlux clear float, 24mm air gap with 16mm
interstitial Venetian blind, 4mm clear float

Open plan
office. Office 1
and Office 2

Floor

0.78

150mm Cast concrete slab

L' floor to
Ground floor

External Wall

Triple glazed
window
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Before and after the construction of NBERT a blower door test was conducted for the
whole building. The test reported an air change rate of 1.6h'’ at 50Pa for the building.
Results from the test also indicated, an airflow exponent n of 0.71, an air leakage co
efficient Q of 75.3mVhyPa" and a mass flow co-efficient C5 of 0.25kg/s at 1 Pa.

3.5 Natural ventilation system
There is no mechanical cooling system in NBERT. The building’s indoor air temperature
is controlled by natural ventilation only, which is predominately single-sided. However,
there is a slight cross-flow effect in the Open Plan Office given the correct wind direction.
Previous studies using NBERT have shown that each room is supplied with ventilation,
by either a purpose provided opening at low level (RS-02), an automated opening at highlevel (RS-03) or both operating at the same time (RS-04) [361,362]. There are a total of
72 individual ventilation openings in the building, 32 are manually operated (low level)
and 36 are automated (high level). The high level openings in the building are grouped
into banks and controlled on a zone set-point of 21°C, a night cooling zone set-point of
15°C, and an external temperature limit of 12°C. High-level (RS-03) openings are opened
in combined banks of openings as part of the buildings building management system
(BMS) control strategy but building occupants can also open high-level openings with
manual override switches. Figure 3-2 shows the control bank locations and the manual
override switches located in the building for the purposes of ventilating the building. All
control banks operate three to four openings per control bank. An image of the manual
(lower) and automated (upper) openings can be seen in Figure 3-3. In previous case study
buildings observed in literature, building occupants have a choice of operating one to two
openings per room [287,291]. Due to its design, at a zone-level the natural ventilation
system has a wide variety of choices that are available to the occupants in the building.
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The proportion of net openable area (m^) to the floor area (m^) (POP) indicated in
Equation (3-1), gives some insight into the ventilation capabilities at a zone level. Rooms
in NBERT have a considerably larger number of openings for an occupant to interact
with, where a small cellular office may have more than twice the number of openings to
interact with when compared to previous literature.

Figure 3-3: Image of the ventilation system in the NBERT

POF

(%) =

-j’’—-X 100
^floor

(3-1)

Each room has a maximum number of openings that can be opened by the occupants in
that room. For example in Office 2 there is a total of four openings meaning that when
one opening is activated 25% of the openings in the room are open. In other rooms like
the Open Plan Office there are 32 openings meaning that one opening activates 3% of the
available openings. With this in mind, it means that occupants in different zones of the
building can have an unequal effect on thermal sensation at room-level. Some rooms in
the building have the potential to regulate temperatures more quickly than others. In some
rooms users have the capability of scaling the POF from minimum to maximum levels in
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increments of 0.1% (Open Plan Office). While in others it can be scaled from minimum
to maximum levels in increments of 1.1% (Office 2). The use of one purpose provided
opening at zone level can operate 3% to 26% of the opening area in a zone. The use of a
manual override switch can operate 6% to 51% of the opening area in a zone. These
factors alone mean that modelling user-driven behaviours at room-level could be
potentially difficult, owing to the fact that occupants have more choice and more control.
Figure 3-4 gives an indication as to the range of POF values that is available in each zone
ofNBERT.
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Figure 3-4: Relationship between the number of openings and POF in rooms of the building

3.6 Energy systems
The heating system comprises of a Dimplex LA 28AS air-to-water heat pump with a
maximum heating power output of 28kW at a quoted coefficient of performance (COP)
of 3.6 (10°C ambient air temperature & 35°C supply water temperature). The mass of
water in the heating system includes volume of an additional 150 litre thermal buffer tank.
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The supply temperature for heating is weather compensated using the average of three
ambient temperature sensors. Heat is delivered to the building via low surface temperature
radiators with a temperature regulating valve for each radiator. The heating system
operates on time schedules which depend on the academic calendar. Table 3-2 provides
information as to the installed equipment and lighting loads in certain rooms in the
building. The ECG19 benchmarks [363] are also referenced for comparative purposes.
The building also has a number of renewable energy systems that generate electricity
onsite or nearby (shown in Figure 3-5) which consists draws from static (24kWp) and
dynamic PV systems as well as a wind turbine nearby (2.5kWp).

Figure 3-5: Internal and external energy systems in NBERT. Top left: Interior view of internal environment
and appliances. Top right: heat pump located on the roof. Bottom left: static solar PV system located on the
roof. Bottom right: wind turbine located in site
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Table 3-2: Maximum occupant, lighting, equipment densities in the rooms of the building

Location

Open Plan Office
Office 2
Office 1
Board Room
Seminar Room
Corridor
ECG19 Benchmark

(ni=)

Floor-toceiling
(m)

88
9
12
25
54
34
N/A

2.7
2.7
2.7
2.7
3.24
3.24
N/A

Area

Occupant
density

(mVp)
7
9
12
3
3
N/A
N/A

Lighting
density
(W/m^)

Equipmen
t
(W/m^)

12.9
13.3
22.8
12.5
8.7
6.7
10-14

43.4
0.0
44.5
3.8
5.9
3.6
12-18

3.7 Instruments and data gathering
NBERT is highly instrumented with both internal and external monitoring systems that
draw from a local weather station, a BMS and an internal environmental monitoring
system. NBERT has capabilities in monitoring and gathering internal parameters from
both a typical BMS, as well as a more detailed Hanwell internal environmental
monitoring system. The BMS allows for the monitoring and gathering of data on internal
air temperatures, energy consumption for general services, lighting, and the buildings air
source heat pump. It also measures the position of actuators for the natural ventilation
system in the building. Externally, NBERT has an on-site weather station located on top
of the building at a height of 5m above roof level. Table 3-3, Table 3-4 and Figure 3-6
provide more detail as to model type, accuracy and logging interval of internal and
external instruments. To create the dataset used in the online data portal data is gathered
from the three main sources and stored in a local hard drive. The local BMS system uses
Unitron report software to log data related to the building and Unitron datalog manager
software to select and download data. The Hanwell system uses Hanwell RadioLog
software to view and download data from wireless data loggers. Data from the Campbell
Scientific weather station is collected and appended in file locally using Loggemet
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software. The Unitron system stores files locally in the BMS computer which has all
daily datalogs for each measured parameter.

Table 3-3: Instrument accuracy and logging intervals for long-term internal data logging systems
Parameter

Instrument/System

Specification information

Temperature

Hanwell 4002T

Humidity

Hanwell 4115RHT

CO2
T emperature
Energy
Ventilation Position

Hanwell Climabox 3
TE-RT, BMS
Socomec DIRIS A20
BACnet Windowmaster

±0.1 °C (-10°C to 40°C)
±2% (0%-90%)
±3% (90%-100%)
±50ppm (0 - 4000ppm)
±0.2°C (-20°C to 60°C)
Class 0.5S, EN- lEC 62053-22
(0-100%)

Table 3-4 : Instrument accuracy and logging intervals for external weather station
Parameter

Instrument/System

Specification information

Temperature
Humidity
Air Pressure

HC2S3 Rotronic Hygroclip 2 probe
HC2S3 Rotronic Hygroclip 2 probe
Vaisala PTBIOIB

Solar Radiation

Campbell Sci SPl 110 Pyranometer

Wind Speed

Campbell Sci 05103 Vane Wind Monitor

Wind Direction
Daylight Levels
Rainfall

Campbell Sci 05103 Vane Wind Monitor
Skye SKS 1110 Pyranometer
EML Aerodynamic rain gauge ARGIOO

±0.1 °C at23°C
0.8%RH at 23°C
±0.5mb at 20°C
±5% for 350-1 lOOnm /linearity 1%
dev
±0.3 ms ' or 1% of reading (0-100
ms'')
±5.0°
0-5000W/m- / typ. <3% cal err
0.2mm/tip

Figure 3-6: Internal and external instruments in NBERT. Left: Hanwell monitoring equipment. Right:
Weather station located on the roof.

The Hanwell system does not have files that are easily accessible to users. Data must be
selected and downloaded from RadioLog in order to create an entire internal
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environmental dataset. The weather data is stored in one file that is appended once the
data logger is connected. All data collected for each individual dataset was collected using
a “read bulk” function in RStudio [364]. Along with the three main datasets highlighted
above additional data for Cork Airport was downloaded from Met Eireann [365]. In order
to get the data in a useful format each dataset required processing. For most datasets this
meant; formatting date and time entries correctly, changing data types, deleting
duplicates, ordering data correctly, merging, as well as sub-setting in order to produce a
dataset that could be used.

3.8 Long-term energy and environmental performance of the building
3.8.1

Internal environment

NBERT operates typically in free running mode with infrequent use of its air source heat
pump. In Cork, there is a lot of potential to naturally ventilate with over 80% of the
exponentially weighted external temperatures observed between 2013 and 2016 data
between 5°C and 20°C.
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Figure 3-7: Percentage of exponentially weighted mean external temperatures for Cork Airport from 2013 to
2016 (right), performance with regard to the adaptive standard EN 15251 (left) assuming an occupied building
from 09:00am to 17:00pm throughout the year
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The general comfort performance of the building is good, when using the adaptive
comfort standard EN 15251 [141], 80-90% of occupied comfort recordings were in
category III or higher. Generally, the percentage of occupied comfort recordings in
category IV seldom exceeds 17%, as is shown in Figure 3-7. The majority of incidences
in category IV were due to overcooling as opposed to overheating.

3.8.2

Energy performance

The energy consumption of the building is metered in four main areas; general services,
lighting, heat pump and a circulating pump for the heating system. From Figure 3-8 it can
be seen that the typical energy consumption is less than 90kWh/m^/a. This is over a 56%
energy reduction in delivered energy terms in comparison to the old building [366]. The
heating system energy consumption is less than the PassiveHaus criteria for specific
heating demand of 15kWh/m^/a.

I

I

Figure 3-8: Observed annual energy consumption for NBERT between 2014 and 2016 (left), and percentage of
monthly energy consumption during 2016 (right).

While the percentage of consumption varies monthly, general services and lighting can
account for over 70% of the energy consumption in most months. With greater than
75kWh/m^/a is attributed to electrical energy consumption improvements could be made.
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One option could be to adopt the ECG19 benchmarks for installed electrical equipment.
Currently the average installed equipment power density is 22W/m^ reducing this to the
benchmark ECG levels would reduce consumption further.

3.8.3

Zero2020 building and nearly zero energy targets

As can be seen from above, the zero2020 building consumes roughly less than
90kWh/m^/a. Generally, the general services or user-driven loads specifically can account
for between 40 kWK/mVa and 50kWh/m^/a which is on average around 50% of the total
energy consumption in delivered energy terms. National definitions of nearly zero
buildings have been shown to deviate significantly for non-residential buildings [367].
Some of these deviations are as a result of considering appliances or user-driven loads as
an end-use. Figure 3-9 shows two scenarios in the definition of the zero2020 building as
an nZEB. One scenario is where we consider including the general services (GS) load
‘'With GS” and the other is where we exclude the GS load “Without GS”. Breen et al.
found that it was possible to predict the energy generated by the NBERTs PV system and
wind turbine with and accuracy of 9.9% [368]. It was also found that the PV system and
wind turbine can produce IMWh for each IkWp of installed capacity. This would mean
that the installed capacity of ~ 27kWp would ideally generate over 27,000kWh/a
(121kWh/m2/a). However, as there were over-predictions of over 9.9% it is likely that
the actual energy produced is in the region of 97kWh/m2/a and 110kWh/m2/a. In general,
between the PV systems and wind turbine described there is around lOOkWh/m^/a of
renewables and the heat pump never consumes more than 15kWh/m^/a.
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Figure 3-9: Comparison of Zero2020 building primary energy consumption levels with nZEB levels

This would mean that the renewable contribution in the zero2020 building is around
115kWh/m^/a with the heat pump considered a renewable as part of nZEB definitions in
Ireland. Currently, by excluding GS loads from the calculation of nZEBs the zero2020
building is a net producer of energy by 22.5kWh/m^/a. However, including GS loads
results in the zero2020 building not achieving nZEB levels. As the zero2020 building is
currently not at full capacity it is likely the end-use energy consumption due to GS will
increase. However, assuming it does not exceed 90kWh/mVa it is clear that there is a
dichotomy in the definitions of nZEBs and that this needs addressing. The difference
between required renewables with and without GS loads is a factor of five. This further
emphasises the need to consider GS loads as part of the nZEB definition in Ireland, as it
has a major bearing on the calculation of compliance with standards.
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4. Study of thermal comfort performance in
shoulder seasons
4.1 Overview and context
The zero2020 building has some very unique and novel aspects as part of its design. The
most notable of these was the buildings multi-configuration natural ventilation system.
While natural ventilation as a forni of passive cooling has been explored by various
researchers with some specifically focusing on low energy buildings [161,300], there are
limited examples of comfort performance in for nZEBs in shoulder seasons. Owing to the
well-insulated, airtight nature of low energy buildings or nZEBs there exists an increased
likelihood of overheating during shoulder seasons. Furthermore when there is a high
envelope temperature difference there is also a high potential for overcooling when
occupants take adaptive action. As part of the conclusions of the literature review in
section 2.8, it was indicated that one of the major discontinuities in adaptive standards are
definitions of comfort in shoulder seasons. It was also highlighted that the number of
existing examples of the application passive cooling techniques (such as natural
ventilation) to nZEBs is limited, as a result of this our understanding of thermal comfort
in energy efficient buildings like nZEBs is also limited.

Literature Review

Test-bed Building

Model Calibration
and Validation

Iktiii.iI ( onil'iin
I lelil Sliids

Comparative
Analysis and
Approach
C omparison

Figure 4-1: Context of thermal comfort field study in overall methodology
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Based on these gaps it was seen as critical to analyse the performance of the zero2020
building by conducting a detailed thermal comfort field study (see Figure 4-1). The
overall aim of the study described in this chapter was to investigate, experimentally, using
both subjective and objective methodologies, the cooling and thermal comfort
performance of a novel passive cooling system in the nearly zero energy test building
during shoulder seasons. To do this, a thermal comfort study was designed and, conducted
which assessed the performance of a nearly zero energy test building’s multi
configuration NV system in response to an overheating scenario during shoulder season
conditions. The work presented in this chapter compares four configurations, evaluating
the capabilities of smaller and larger openings as well as the height of the opening, at
providing thermally comfortable conditions during shoulder seasons. Furthermore, this
work compares three standards as well as both heat balance and adaptive thermal comfort
models in their assessment of thermal comfort during the thermal comfort study.

4.2 Materials and Methods
4.2.1

Experimental setup

The study took place in a 55m^ north-facing seminar room in the building as shown in
Figure 4-2. The room was arranged to allow for the monitoring of four internal
parameters; air temperature, relative humidity, globe temperature, and air velocity. All
parameters were measured at heights in accordance with ISO 7726 [2]. Air temperature
was measured in four different locations at heights of 0.1m, 0.6m and 1.1m. Globe
temperature and relative humidity were measured at a height of 1.1m. Air velocity was
measured using four bi-directional anemometers, two in each location shown in Figure
4-2, one in the x axis and one in the y axis. The accuracy and measurement intervals of
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the instruments and details of internal instruments used in the study are shown in Table
4-1. External parameters used in the study were measured on the roof of the building,
where measurements were recorded at five minute intervals. Details of the external
instruments can be found in Section 3.7.

Table 4-1: Short-term monitoring equipment used for thermal comfort study

Parameter

Model

Operating range

Accuracy

Interval

T emperature

Hanwell 4002T

-40°C to 60°C

±0.1 °C (-10°C to 40°C)

1 min.

T emperature

QUESTemp 36

-5°C to 60°C

±0.5°C (0°C to 120°C)

1 min.

RH

Hanwell 4115RHT

0%to 100%

±2% (0% to 90%)
±3% (90% to 100%)

1 min.

Velocity

E+E Elektronik, EE576-V3B2

Om/s to 2m/s

±0.08m/s (0.2m/s to 2m/s)

4 sec.
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4.2.2

Description and procedure

The field study took place during two days in May 2015. In total the thermal evaluations
from 35 participants (n=35, females = 10, males = 25) were gathered. Each study day
consisted of two thermal comfort assessment sessions, with one in the morning and one
in the afternoon. The maximum number of participants allow able for each study session
was 10. Each session consisted of four 30 minute tests which evaluated four ventilation
configurations as shown in Figure 4-3. Each slotted louvre opening section has a net
opening area,

Anet,

of 0.102m^, where the height of the RS-02 and RS-03 openings,

Hope,

is 0.76m and is 1.60m for RS-04 according to O’ Sullivan and Kolokotroni [359]. Table
4-2 shows the total number of openings in the seminar room for each configuration,

Anet,

the openable area to floor area ratio (POF) for each configuration as well as average air
change rates for each configuration based on measurements from a previous study with
similar wind conditions [124].

RS-01
No Ventilation

RS-02
Lower Louvre

RS-03
Upper Louvre

RS-04
All Louvres

Figure 4-3: Ventilation configurations from left to right: RS-01 (no ventilation), RS-02 lower louvre, RS-03
upper louvre only, RS-04 both louvres open

The door into the seminar room was closed during all tests. The POF was calculated by
dividing the Anet by the floor area of the seminar room, for each configuration. Subjective
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evaluations during all 16 tests (4 for each configuation) were gathered using two
standardised questionnaires based on ISO 10551. One questionnaire (Survey A) asked
questions regarding the participants’ fixed parameters (eg. location, age, gender, etc). The
second questionnaire (Survey B) was a subjective thermal comfort questionnaire, which
evaluated each participants’ personal thermal state during the study. In order to simulate
an overheating scenario for each test, the centre of the room was preheated to an air
temperature of 26°C (±1°C) using six electrical space heaters (2000W each).

Table 4-2: Properties of each ventilation configuration. V'alues for ACR taken from

Anel

POF

(m')

0

(%)
0

6

0.62

1.1

3.5*

RS-03

6

0.62

1.1

2.6*

RS-04

12

1.22

2.2

4.6*

Configuration

No Openings

RS-01

0

RS-02

AverageACR (h ')

0.3**

*Values quoted are for windward direction only
**Calculcated from blower test data and assuming wind speed of 3.0ms'

Figure 4-4: Image of study conducted on the 28th and 29th of May 2015
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Three desk fans (30W eaeh) were used to ensure that the temperature of the air in the
room was sufficiently distributed spatially (using 13 temperature sensors), ensuring
uniform temperature conditions for each participant. Once the required test condition was
reached, the space heaters were removed, the participants were seated and the test began.
To investigate the effect of ventilative adaptations solely on study subjects, participants
were told to choose their clothing level at the beginning of each session and maintain this
clothing level until the end of the study session. Participants undertook typical sedentary
activities throughout the study (i.e. reading, writing, watching etc.) as shown in Figure
4-4. Subjective data from questionnaires were collected via an online survey. Survey A
was gathered at the start of each session and Survey B was gathered at the end of each of
the four tests within each session. Internal environmental data were gathered continuously
throughout each test.

4.2.3

Models and standards used

To evaluate subjective comfort in each test configuration the percentage of dissatisfied
(PDf)

was calculated using Fangers relationship in Equation (2-3). Percentages for each

test were also determined by counting the number of actual thermal perception votes
(PDper)

that were outside of ±1. These thermal perception votes were in response to the

question: "How do you feel in this precise moment?” where study participants voted on
a 7-point scale from -3(cold) to +3 (hot) in 1 point increments. This allowed for the
comparison of the actual percentage of dissatisfied

PDper

and the

PDf.

The percentage of

d ssatisfied was also determined by using the thermal preferenee question PDpref: ”At this
moment you prefer to be: ” as was carried out by d’Ambrosio Alfano et al [369]. Similarly
tc the thermal perception question, the actual

PDpref

was calculated aceording to the

number of thermal preference votes outside of ±1. In this instance a 7 point scale which
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went from -3 (much cooler) to +3 (much warmer) was used.

The MTSV was also

calculated for each test. All calculated subjective parameters were also compared to three
existing standards to assess the performance of each ventilation configuration.
Objectively, the strength of relationships between all measured objective parameters and
MTSV was tested. An analysis of the relationship between measured parameters and local
thermal discomfort was also investigated by looking at mean air stratification and the
operative temperature ramps in the study. A comparison was made by averaging
conditions for each 30 minute test using the last 15 minutes, or by averaging the
parameters and using the last 2 minutes of each test. Once the best averaging interval was
determined, the performance of each configuration was determined in relation to the three
standards stated above. The strength of relationship between the operative temperature,
PMV, ET and SET indices with MTSV was also investigated. Four environmental
parameters (air temperature, mean radiant temperature, relative humidity, air velocity)
and two personal parameters (clothing level and activity level) were used to determine
the PMV for each study participant in each test. The mean radiant temperature was
determined using Equation (4-1) from Annex B of ISO 7726 [2]. The PMV was calculated
using the code provided in ISO 7730 [90], as is shown in (2-4). The PMV for each test
configuration was then compared to the MTSV for each test. The PPD for each test
configuration was also determined using (2-5).

4

tr — [(j^g + 273) +

1.1

X

10^

X V, 0.6

Eg X DO 4

(to - ta)]* - 273

(4-1)

All operative temperatures during the study were calculated using (2-6), while the
effective temperature was calculated using (2-9) as indicated in [134]. The calculated
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operative temperatures were then used in order to evaluate which category of comfort
each configuration aligned closest with reference to ISO 7730 [90], EN 15251 [141], and
ASHRAE 55 [138]. For the two study days in question the exponentially weighted mean
external air temperature was calculated using equation (2-7) from EN 15251. To assess
the performance of a building the optimal operative temperature varies depending on the
standard used to evaluate a thermal environment. The performance of the building is
assessed in both heating and cooling mode.

As overheating is the only scenario

considered in this study the optimal operative temperatures presented are for cooling
season perfonnance specifically. ISO 7730 suggests the optimal operative temperature
regardless of any external condition for cooling season performance is 24.5°C. For EN
15251 the optimal operative temperature varies depending on the external air temperature.
The optimal operative temperature varies according to the mean running exponentially
weighted external air temperature as is shown in (2-8). In ASHRAE 55 the optimal
temperature is also related to prevailing mean daily external air temperature which can be
calculated with weightings applied to preceding days [138], where the optimal operative
temperature for any external air temperature is shown in Equation (4-2).

to = 17.8°C-H0.31-t pma(out)

(4-2)

Categories of comfort exist for all the standards mentioned previously. Table 4-3
illustrates the limits that exist in terms of PPD, PMV and operative temperature. For
external temperatures below 10°C, fixed limits from ISO 7730 are used as the upper limits
in EN 15251. Conversely external air temperatures below 15°C the lower fixed limits in
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ISO 7730 are used. The ASHRAE 55 standard limits below are only applicable when
prevailing mean outdoor temperatures are greater than 10°C.

Table 4-3: Thermal comfort categories of cooling mode performance found in standards
Standard

Category

PPD (%)

PMV

to(°C)

ISO 7730

A
B
C

<6
<10
<15

<±0.2
<±0.5
<±0.7

24.5 ± 1.0
24.5 ± 1.5
24.5 ±2.5

I

<6

<±0.2

0.33trni+ 18.8 ±2

II

<10

<±0.5

0.33tmi+ 18.8 ±3

III

<15

<±0.7

0.33U+ 18.8 ±4

IV

>15

>±0.7

>0.33trm + 18.8 ±4

90% Acceptability

<10

-

0.31te+ 17.8 ±2.5

80% Acceptability

<20

<±0.5

0.31te± 17.8 ±3.5

EN 15251

ASHRAE 55

4.3 Results and Discussion
4.3.1

Subjective results

From Table 4-4 it can be seen that the majority of participants in the study (69%) were
between the ages of 20 to 25 and were male (71 %). The mean height and weight for males
and females was 1.77m and 77kg and 1.60m and 58kg respectively. This placed males in
the study as being slightly taller and heavier, with females slightly shorter and lighter than
the standard people considered when estimating metabolic rate using ISO 8896 [370].
The clothing (clo) levels for males in the study (A=0.70, s=0.18) was higher than that of
females (Jf=0.66, s=0.22). The mean clothing level (X=0.69) for the study was between
typical winter clothing levels (clo = 1) and typical summer levels (clo =0.5).
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Table 4-4: Descriptive statistics on study participants

Parameter

Category
20-25
26-^0

Age (% of total)

69%
14%

4-7 month's

14%
3%
71.3
12.4
95.0
43.0
172.4
9.9
189.0
148.5
14%
23%

8-12 months
More than 1 year

17%
46%

31-50
over 50
X
s
Max
Min
X
s
Max
Min
Less than 3 months

Weight (kg)

Height (em)

Duration in Climate (% of total)

Gender (% of total)

Malfi

71%

Female

29%

Table 4-5: Mean subjective performance for each configuration with categorical results calculated using the
MTSV and PDf

Config.

MTSV

PDper

PDpref

PDf

ISO 7730

EN 15251

ASHRAE 55

RS-01

1.3

46%

46%

40%

-

IV

Unaceeptable

RS-02

-0.5

20%

6%

10%

C

III

Aeceptable

RS-03

-0.4

14%

3%

8%

B

II

Acceptable

RS-04

-1.1

34%

17%

29%

-

IV

Unacceptable

From Table 4-5 it can be seen that RS-03 (upper louvre open only) had the best subjective
results overall, with the lowest percentage of dissatisfied for PDper (14%), PDpref (3%),
PDf (8%) as well as the lowest MTSV of -0.4. As expected, RS-01 (no ventilation) was

the worst performing configuration with over 40% of the participants in the study
dissatisfied with the thermal environment presented. An appreciable difference was
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observed between RS-02 and RS-03 (upper or lower open only) and RS-04 (all louvres)
where categorically RS-04 was unacceptable in accordance with ASHRAE 55 and was in
Category IV in EN 15251. RS-02 and RS-03 were deemed acceptable in accordance with
ASHRAE 55, and in category II (RS-03) to category III (RS-02), according to EN 15251.
A further analysis of the differences in thermal sensation votes between different test
configurations was conducted using SPSS 22 [371]. Through an ANOVA and post-hoc
analysis a statistical difference (p>0.05) was found between RS-01 and RS-02, RS-03 and
RS-04. No statistically significant difference was found between RS-02 and RS-03 while
a statistically significant difference was found between RS-03 and RS-04. No statistically
significant difference was found between RS-02 and RS-04. The subjective results
indicate that responding to an overheating scenario with no ventilation leads to low levels
of comfort. The response from configurations with a POP of 1.1% (RS-02, RS-03)
achieved resonable levels of subjective comfort for a renovated building. Responding to
an overheating situation with a POP of 2.2% as was the case in RS-04 resulted in
overcooling. If PDper is used to categorise subjective results, RS-03 would perform the
best subjectively. RS-01, RS-02 and RS-04 would be outside of the categories presented
in ISO 7730 and would be placed in category IV according to EN 15251. RS-02 and RS03 would be deemed acceptable according to ASHRAE 55. If PDpref is used to categorise
subjective results, both RS-02 and RS-03 would be of the highest standard (category A,
I, Acceptable). RS-01 and RS-04 would be outside of ISO 7730 categories and in category
IV of EN 15251. However, RS-04 would be seen as acceptable according to ASHRAE
55. Overall, RS-01 and RS-04 were considered by most of the standards as unacceptable
or uncomfortable environments. This suggests that responding to an overheating scenario
with no ventilation or a high level of interaction (all louvres opened), with a POP of 2.2%,
may lead to high levels of subjective discomfort. The configurations with a POP = 1.1%
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(RS-02 and RS-03) provided satisfactory levels of categorical comfort when compared to
the standards utilised. A categorical difference between RS-02 and RS-03 suggests that
the height of the opening may have an effect on subjective comfort in overheating
scenarios. The subjective results indicate that while free cooling can be utilised in
shoulder seasons without impacting on the energy consumption of the building, caution
must be taken when determining which ventilative response is most appropriate from an
energy and comfort perspective. Utilising all openings available in response to
overheating may result in an increased risk of simultaneous heating and cooling to
guarantee thermally comfortable conditions, therefore impacting on the energy
consumption of the building The utilisation of an automated opening may be a better
response to overheating when a high temperature differences exist between inside and
outside rather than allowing occupants to activate all available openings.

4.3.2

Objective results

4.3.2.1 Descriptive statistics and local discomfort
In order to assess the effect of objective parameters on initial thermal comfort, the
descriptive statistics for the entire study were investigated as is shown in Table 4-6.
Internally, the mean observed air temperature difference between head and ankle (ts) over
the whole study was 0.88°C. This suggests that stratification was not an issue in the
building which agrees with the work of O’ Sullivan and Kolokotroni [ 124]. The operative
temperature ramp observ'ed in RS-01 was less than 2K/h. This placed RS-01 as a static
environment according to ISO 7730 [90]. According to ASHRAE 55 the maximum
allowable drift or ramp in a one hour period is 2.2°C/h [138], This limit and the other
limits in ASHRAE 55 are designed to keep those who are dissatisfied by local discomfort
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to 10%. This would suggest that operative temperature ramps greater than 2.2°C/h would
lead to low levels of subjective comfort.

Table 4-6: Summary statistics for all measured internal and external parameters over the course of the entire
study
Parameter
Configuration

RS-01
(No
Ventilation)

RS-02
(Lower Only)

RS-03
(Upper only)

RS-04
(All Open)

Statistic

ta

RH

RHext
(%)

to

(m/s)

text
(°C)

tr

(%)

tg
(°C)

ts

(°C)

(°C)

CO

CO

toramp
(K/h)

Mean

2.5.6

42.7

26.0

0.1

11.7

62.5

1.6

26.2

26.0

-1.2

Std. Dev.

0.5

3.3

0.6

0.1

1.5

8.2

0.2

0.6

0.6

0.7

Min.

24.9

35.9

25.2

0.0

9.0

50.2

1.3

25.2

25.2

-0.5

Max.

26.5

50.2

27.3

0.2

14.1

77.3

2.1

27.5

27.2

-2.0

Mean

24.2

38.1

25.2

0.1

12.3

59.5

0.6

25.9

25.1

-5.2

Va

Std. Dev.

1.2

2.6

1.0

0.0

1.6

8.3

0.5

1.1

1.0

1.3

Min.

22.5

33.5

23.5

0.0

9.5

45.7

-0.1

23.6

23.4

-3.9

Max.

28.6

43.0

27.4

0.2

14.3

70.0

3.0

28.7

27.4

-6.9

Mean

24.7

42.1

25.5

0.2

12.0

61.6

0.9

26.4

25.5

-3.6

Std. Dev.

1.0

2.7

0.8

0.0

1.3

9.0

0.5

0.9

0.8

1.8

Min.

23.1

36.3

24.0

0.0

9.7

47.2

0.2

24.1

23.9

-1.7

Max.

27.7

47.7

27.1

0.3

13.9

73.8

2.4

28.4

27.2

-6.1

Mean

23.5

36.2

24.6

0.1

12.6

56.1

0.4

25.6

24.5

-6.7

Std. Dev.

1.3

2.6

1.2

0.0

1.3

6.9

0.6

1.5

1.2

2.1

Min.

21.3

30.7

22.5

0.0

10.0

42.0

-0.5

22.5

22.4

-4.8

Max

27.9

39.9

27.4

0.2

14.2

68.5

3.2

29.1

27.3

-9.6

To determine the significance of these operative temperature ramps the significance of
the correlation between the operative temperature ramp and MTSV, PDper and PDpref was
investigated for each test. The ramp levels indicated are linearly interpolated from
30minute intervals so as to be compared to hourly values. Table 4-7 shows that MTSV
was the only subjective index that had a statistically significant relationship with toramp
(r=0.715).
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Table 4-7: Observed correlations between operative temperature ramps or drifts with subjective parameters.
Parameter

Value

toramp (K/h)

Significant
(Yes/No) (p>0.01)
Pearson Correlation

PDper

PDpref

MTSV

No

No

Yes

0.331

0.451

0.715

Figure 4-5 shows that with ramps of greater than 2.2°C/h, high levels of subjective
comfort can be achieved even when compared to other research on negative ramps [372].
All tests in this study started at operative temperatures between 25-27°C.
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Figure 4-5: Scatterplot of relationship between MTSV and operative temperature ramp from the start to the
finish of a test. Colour indicates the operative temperature at the end of the test using an arithmetic mean of
the last two minutes.

It is suggested from Figure 4-5 that depending on the finishing temperature of the test,
higher negative operative temperature ramps can be tolerated following an overheating
scenario. If a test finished at an operative temperature of between 24-25°C with an upper
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louvre only configuration (RS-03) negative temperature ramps of between -3.3 to -6.1K/h
were placed in a subjective category I or II. In RS-02, a category II or III environment
was achieved with negative temperature ramps of between -3.9 and -6.9K/h. If a test
finished at an operative temperature greater than 25°C following an overheating scenario,
low levels of subjective comfort were observed. All tests conducted using RS-04 had a
MTSV of <= ±0.7. 75% of the RS-04 tests conducted, had a finishing operative
temperature of <=23.5°C and temperature ramps of between -4.8K/h and -9.6K/h. When
a negative ramp of -5K/h is examined it can be seen that tests that had similar negative
ramps had varying levels of subjective performance. Some of these differences could be
due to the size of the opening. For larger openings in shoulder seasons, results suggest
there may be a colder perceived sensation for the same temperature ramp and finishing
operative temperature.

4.3.2.2 Relationships between MTSV and measured parameters
The strength of relationships between internal parameters and mean thermal sensation is
shown in Table 4-8. Different averaging intervals were used to determine which interval
had the greatest correlation with MTSV, indicating which objective models to focus on.

Table 4-8: Observed coefficients of determination between measured internal parameters and the MTSV for
each test using different averaging intervals

Interval (min)
ta~MTSV

tr ~ MTSV

Va~MTSV

RH ~ MTSV

2

0.56

0.38

0.06

0.65

15

0.53

0.27

0.14

0.58

30

0.50

0.05

0.24

0.45
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From Table 4-8 it can be seen that greater correlations exist between MTSV and averages
closer to the end of the test when study participants completed the thermal sensation
survey. The only internal parameter that had a greater correlation over the whole test was
velocity. The parameter that had the strongest relationship with MTSV was relative
humidity (R^-0.65), while the weakest observed relationships with MTSV were mean
radiant temperature (R^=0.05) and velocity (R^=0.06). In standards, RH is often
considered as have a negligible effect [141] and so the operative temperature is used as
the predominant index. This index combines the effect of mean radiant temperature and
air temperature. It would be expected that temperature would have the strongest
relationship with MTSV, however in the incidence it is not the case. When RS-01 (no
ventilation) tests are omitted the strength of the relationship between all objective
variables and MTSV was reduced in the majority of instances. Relative humidity still
observed the strongest correlation with MTSV (R^=0.43) albeit reduced highlighting the
slight bias in the original goodness of fit by including RS-01 tests. While the strength of
the relationship between velocity and MTSV increased (R^=0.28) placing it closer to the
correlation observed for air temperature and MTSV (R^=0.30). This suggests that air
velocity had more importance in tests where ventilation was used, with comparable
correlations with that of air temperature.

The majority of relative air velocities

experienced were at or below 0.2m/s which is on the limits of the measurement error
ranges quoted by the manufacturer (Table 4-1). This limitation will have an effect on the
calculation of certain thermal comfort indices in this study. However, it can be reasonably
assumed, allowing for measurement error, that the maximum velocity is potentially
0.3m/s and this would have a maximum effect of approximately 1°C in operative
temperature terms [141] on the occupants’ thermal perception during tests given typical
summer clothing levels (clo = 0.5). As the actual clothing levels were closer to 0.7 the
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effect of the strongest velocities experienced would be less than 1°C, further limiting the
effect of velocity measurement error in this study. As averages of the last two minutes of
the study generally had a stronger relationship with MTSV, the calculation of indices
from this point onwards only considered the average of the last two minutes as this was
the time at which participants were completing thermal evaluation questionnaires.

4.3.2.3 Predicted categorical thermal comfort
Using the standards outlined previously the predicted category of comfort for each test
was determined using the operative temperature index, which was rounded to the nearest
0.5°C. The calculated, exponentially weighted, external running daily mean (trm) for both
study days was 12°C, following rounding to the nearest 1°C.
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Standard — ASHRAE 55 — EN 15251 — ISO 7730
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Figure 4-6: Scatterplot of observed trm and mean to in comparison to standards. Points Tilled in white
represent the mean in each test and points in black represent the mean of four tests using the same
configuration
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Figure 4-6 illustrates the mean operative temperatures for all 16 tests conducted. Values
presented in Table 4-9 were established by applying Equation (2-7) with a tm and tpma(out)
of 12°C. It can be seen that there was a mean variation of 4°C (22.5-26.5°C) in operative
temperature terms between the warmest test (RS-01) and the coldest test (RS-04) when
the average of the last two minutes is applied. Table 4-10 compares the calculated
categorical comfort results determined using Figure 4-6 and the subjective results from
Table 4-5. By analysing Table 4-10 it can be seen that, ISO 7730 failed to predict the “out
of category” result that was subjectively indicated when using a no-ventilation
configuration (RS-01).When using the PMV to predict the PPD in RS-01, the percentage
of those dissatisfied was underestimated by 29%. When the limits in EN 15251 are
applied, all predicted values for the percentage of dissatisfied indicated a category III
environment (PPD <15%). ASHRAE 55 predicted that the environment is unacceptable
as is the case according to the subjective results. Categorically the only standard that
predicted the level of discomfort experienced in RS-01 was ASHRAE 55.

Table 4-9; Optimal and upper limit operative temperature values for all standards investigated with trm of
12°C

to (°C)

ISO 7730

EN 15251

ASHRAE 55

Optimal

24.5

22.8

21.5

Upper limit

A

25.5

1

24.8

90%

24.0

B

26

11

25.8

80%

25.0

C

27

III

26.8

IV

>26.4

When smaller openings are considered for example in single louvre configurations (RS02 and RS-03), a category A and I environment was predicted according to ISO 7730 and
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EN 15251 respectively. While ASHRAE 55 predicted an 80% acceptability level for both
RS-03 and RS-02. ISO 7730 and EN 15251 underestimated the levels of discomfort
experienced for single louvre configurations.

Table 4-10: Mean actual and predicted categorical results for each conflguration in comparison to three
standards
Configuration

RS-01

RS-02

RS-03

RS-04

Actual

MTSV

1.3

-0.5

-0.4

-1.1

to(°C)

26

24.5

25

23.5

PDf(%)

40

10

8

29

ISO 7730
EN 15251

IV

c

B
11

IV

ASHRAE 55

Unacceptable

III
80% Accept.

80?/o Accept.

Unacceptable

PMV
PPD (%)
ISO 7730
EN 15251
ASHRAE 55

0.5
11
B
III
Unacceptable

0.1

0.1

5
A
1
80% Accept.

5
A
11
80% Accept.

-0.2
6
B
II
90% Accept.

Predicted

ASHRAE 55 predicted accurately the comfort conditions for RS-02 and RS-03
configurations. All standards failed to accurately predict the levels of discomfort
experienced in RS-04 tests. The results suggest that ASHRAE 55 predicts the categorical
levels of discomfort accurately for overheating scenarios (RS-01) and for openings with
a POP of 1.1% (RS-02 and RS-03). EN 15251 and ISO 7730 underestimate the levels of
discomfort experienced for all the configurations investigated. All standards investigated
failed in predicting the categorical levels of discomfort experienced in RS-04.-

4.3.2.4 Relationships between MTSV and thermal comfort indices
To determine the most accurate model for use in the context of this study, relationships
were drawn between MTSV and four thermal comfort models mentioned previously. All
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relationships were seen to be statistically significant (p>0.01). Scatterplots of the
relationships between each of these models are presented in Figure 4-7. Following this
linear models were developed to express the relationship between each model and MTSV
as shown in the equations presented in Table 4-11. It can be seen that the Effective
Temperature (ET) model explained the greatest variation in MTSV (R^=0.71). Overall
models with a lower number of parameters had a greater correlation with MTSV
suggesting that less complex models could be more effective in modelling the internal
environment in an overheating scenario. Varying metabolic rates in the PMV model were
seen to change the strength of the correlations slightly in the scenario investigated, where
the metabolic rate with the highest correlation was met = 1.3. Following the development
of the equations presented previously, the MTSV was predicted by each model
respectively where the original PMV was used instead of the equations presented in Table
4-11.

Table 4-11: Relationships between MTSV and thermal comfort models with associated Pearson correlation
and co-efficient of determination
Model

Equation

No. of
Parameters

r

Operative Temperature (°C)

MTSV = 0.645to- 15.996

3

0.73

0.53

Effective Temperature (°C)

MTSV = 0.7082ET - 14.731

2

0.84

0.71

PMV (met =1)

MTSV = 1.5215PMV + 0.3855

6

0.65

0.43

PMV (met =1.1)

MTSV = 1.6895PMV + 0.0103

6

0.66

0.44

PMV (met =1.2)

MTSV= 1.9018PMV- 0.3633

6

0.65

0.42

PMV (met =1.3)

MTSV = 2.0465PMV - 0.7131

6

0.68

0.46

Standard Effective Temperature (°C)

MTSV = 0.5739SET - 15.013

6

0.69

0.47

Figure 4-8 shows the mean absolute percentage error (MAPE) for each model in
predicting MTSV for each test. It can be seen that the ET model had the lowest observed
MAPE when averaging all tests (82%). The PMV performed the worst with the highest
MAPE when averaging all tests (122%).
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Figure 4-7: Scatterplots of MTSV and four thermal comfort models. Varying metabolic rates were investigated
for the PMV' model to determine which metabolic within the sedentary range was most accurate
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Figure 4-8: Boxplots of MAPE when predicting MTSV using the above models. Shapes In red are the MAPE
for each configuration.

The MAPE for heat balance models (SET and PMV) was seen to be higher than that of
simpler models (to and ET). The main reason for outliers observed in Figure 4-8 was due
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to the predictions of RS-03 tests. All models predicted the MTSV of the more extreme
configurations (RS-01 and RS-04) more accurately than the less extreme configurations
(RS-02 and RS-03).

4.3.2.5 Neutral temperature context
From Table 4-12 the relationship between neutral temperature and climate classification
is evident. With differences observed between cooling and heating seasons depending on
the climate. A mean difference of 3.3°C was observed between the nZEB building in
Cork and buildings location in Changsha.

Table 4-12: Comparison of neutral operative temperatures in previous literature for naturally ventilated
buildings and the calculated value for this study

Location

Climate
(Kdppen-Geiger)

Neutral
Temperature
T (°C)

Year

Reference

op

Watford

Cfb

22.1

1995

[190]

Changsha

Cfa

21.5**

2007

[191]

Germany

Cfb, Dfb

22.7

2009

[192]

San Francisco

Csb

23.0* 22.1

2004

[193]

Lyons

Cfb

23.4

2008

[194]

This Study

Cfb

24.8**

2016

-

Douala

Aw

25.0

2014

[195]

Serdang

Af

27.2

2009

[196]

Guangzhou

Cfa

28.0*

2010

[197]

Kharagpur

Aw

29.0

2015

[129]

Cfb; warm temperate, fully humid, warm summer; Csb: warm temperate, summer dry, warm summer; Aw;
equatorial winter dry; Cfa: warm temperate, fully humid, hot summer; Af: equatorial fully humid; Dfb: snow,
fully humid, warm summer
“*”indicates cooling season neutral temperature
“**” indicates between cooling and heating neutral temperature
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This would suggest that a warmer than usual neutral temperature was observed in this
study given the climate has less warmth in summer (e.g. Cfb has warm summers, Cfa has
hot summers). For the same season, the acceptance of higher neutral temperatures in the
nZEB building would suggest that the nZEB application may have an influence on the
perception of participants. This is supported by the work of lonescu et al. [92], where
neutral temperatures are reported to be between 3°C to 4°C higher for energy efficient
buildings when compared to energy inefficient buildings.

4.4 Conclusions
Conclusion 1: In nZEB environments, eliminating overheating in shoulder seasons while
avoiding overcooling can he achieved with passive cooling techniques, as long as there
exists the potential within the passive ventilation system to regulate its opening area.
In this case it was the design of the ventilation system itself that enabled overcooling
protection. As the opening area was split between manual (RS-02) and automated
components (RS-03), which have a POF of 1.1%, this allowed either system to regulate
the thermal environment without causing any significant temperature ramps or overall
thermal discomfort. The thermal comfort study presented in Chapter indicated that using
larger POF values of 2.2% will increase the likelihood of overcooling in a 30 minute
period. No significant differences were found between the height of the opening and
MTSV. The best configuration was the one which had openings above the seated head
height of the occupants (RS-03, MTSV = -0.4).

Of the standards investigated, the

ASHRAE 55 standard accurately predicted the categorical thermal comfort response of
the occupants more realistically when compared to ISO 7730 and EN 15251. The
parameter which showed the highest correlation with MTSV was relative humidity and
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the best model was the effective temperature model, which performed marginally better
than the operative temperature model.
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5. Calibration, validation, analysis and practical
approaches
5.1 Overview and context
From the conclusions of the literature review (see section 2.8) it was determined that there
was a lack of unified calibration criteria for internal environmental parameters which
affect thermal comfort (i.e. temperature and relative humidity), where examples of nZEB
calibrations were seen as limited in the research domain. Further to this, it was also
indicated that occupant behaviour can be a major reason for discrepancies between actual
and simulated values (e.g. energy or comfort) in nZEBs. As results from Chapter 4
highlighted that indoor air temperature and relative humidity had the strongest correlation
with mean thermal sensation in the nZEB test-bed building, it was seen as important to
initially calibrate a model for these parameters (see Figure 5-1). As the future standard
for new buildings and upgrades to existing buildings is expected to be at nZEB levels,
models that could predict the air temperatures in these types of buildings are a critical
tool for analysing the future overheating risk in these buildings.

Figure 5-1: Context of calibration, validation, analysis and practical approaches in context of overall
methodology

Given that occupant behaviour was seen as an important topic in the building performance
simulation field and that the nZEB test-building (see Chapter 3) had a lot of potential for
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manual interaction with the buildings natural ventilation system, it was important to
investigate the activity of occupants in this building type. As international research
showed that occupant behaviour had been simulated in an overly simplistic manner, it
was also seen as important to consider the practitioner approach with respect to the
research approach on this matter. The study presented in this chapter addresses two of the
main objectives of this thesis. The first aim of this chapter was to develop, calibrate and
validate an indoor air temperature and relative humidity numerical model of the nearly
zero energy test building (described in Chapter 3), using a dynamic, coupled thermal and
airflow simulation approach. To the authors’ knowledge, a calibration and validation of
an nZEB for multiple seasons in naturally ventilated mode only, has not been published
or reported in literature. The second objective of this chapter was to investigate using
different sources of building and usage data how occupant behaviour influences the
prediction of indoor air temperature and relative humidity in dynamic simulations. To
investigate the influence of occupant behaviour on zone level predictions, this chapter
explored different occupancy schedules (i.e. occupant presence models) and opening
interaction assumptions or control strategies (i.e. occupant action models). Practitioner
and researcher approaches to modelling both were also analysed.

5.2 Materials and methods
5.2.1

Building and data gathering

The study used data from three office spaces located on the west facing side of the
zero2020 building indicated in Chapter 3. Figure 5-2 illustrates more clearly the location
of sensors, ventilation control banks and override switches for these ventilation systems.
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Only Hanwell sensors were used for calibration and validation. The data collected by the
long-term instruments presented in Chapter 3 were used in this study also.

Figure 5-2: Plan drawing of the NBERT test-bed in the zero2020 building. (Ventilation control banks (hatched
blue), override switches (red), and all sensors are indicated, the sensors used in this study are highlighted in
orange.)

5.2.2

Model description
5.2.2.1 Initial detailed whole building energy model (WBEM)

Simulations for the purposes of calibration and validation were performed using
TRNSYS 17 [85], which has been used previously for modelling the internal environment
[253,260]. The initial model was created by using the “TRNSYS 3d” plugin for Google
Sketchup. The 3D model was created using available architectural drawings. Each room
in the building was modelled as a single thermal zone in TRNBUILD (Type 56). Where
local user defined weather data was inputted into the model, the Type 99 weather data
processor was used. The boundary conditions for each boundary wall were set to be
identical to the zone being monitored. The convective heat transfer co-efficient for all
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internal walls and ceilings was set be an internal calculation within TRNSYS. All fabric
details were constructed in TRNBUILD (Type 56) using information from Chapter 3. All
windows were defined without shading devices using WfNDOW version 7.4 [373] and
imported into Type 56. Previous work by O’Sullivan et al. in Office 2 of the building has
shown that there is very little vertical stratification [124]. Therefore, the air in each zone
was considered to be homogenous and one node per zone was used. All outputs generated
from the Type 56 model were done so with a wall time base equal to 1. More detailed
information as to the Type 56 model theory can be found in section 2.5.3.

5.2.2.2 Defining thermal bridges
A detailed analysis of thermal or cold bridges was conducted externally by using 2D
isothermal modelling software that was validated against ISO 10077 [374]. Details of
each of the cold bridges and the location of each cold bridge can be found in Table 5-1.
Each of these cold bridges was defined as a massless layer in TRNBUILD and the length
of each bridge was determined by using available architectural drawings and by taking
measurements inside the building itself

Table 5-1: Details for the derinition of cold bridges in the model
Name

Detail

T (W/m K)

Location

CBR003

Roof wall junction

0.216

Office 1, Office 2, Open Plan

CBR004

Roof light

0.113

Open Plan

CBR005

Vertical comer upper

0.777

Open Plan

CBR006

Vertical comer lower

0.49

Open Plan

CBR007

Vertical split upper

0.407

Open Plan

CBR008

Vertical split lower

1.535

Open Plan

CBR009

Sill perimeter

0.027

Office 1, Office 2, Open Plan

CBROlO

Sill head perimeter

0.037

Office 1, Office 2, Open Plan

155

Calibration, validation, analysis and practical approaches

5.2.2.3 Airflow network
The airflow network model created during the calibration process for modelling natural
airflows and infiltration was created in TRNFLOW [218]. The wind pressure co-efficient
(Cp) values that were used in this study were surfaced averaged values. For all west facing
facades Cp values from [124] were used, which created using Cp Generator [375]. For the
south fa9ade and roof of all zones data from Tokyo Polytechnic university’s
aerodynamics database for low rise buildings was used [376]. To model infiltration using
TRNFLOW, a series of cracks were defined. Using the blower door test data, the overall
building leakage was divided as a function of the external surface area for each room. In
total 7 cracks were defined, with one additional crack used to allow leakage between
rooms in the building. In addition to fabric leakage, the leakage of each closed opening
was defined based on TRNFLOW documentation. The dimensions of each opening in the
building have been previously defined in detail [ 124]. As all openings had a slotted louvre
installed, the net opening area for each opening was reduced. Modelling each horizontal
slot of each opening would be impractical, therefore a representative large opening was
required that had the same area as an opening with the louvre included. Given the main
flow pattern of the rooms in the buildings is single-sided it was seen as important to keep
the height dimension static and adjust the width of each configuration according the actual
net free opening area. Figure 5-3 shows the adjusted width when compared to the actual
width of the opening. All openings in the model were defined as large openings with a
discharge co-efficient Q of 0.55. A large opening type was created for each configuration
in TRNFLOW, where the opening positions (“factor for airflow”) for all openings were
determined by a schedule, based on the data collected for each opening. Additional
information on the calculation of mass flow rates for large openings in TRNFLOW can
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be found in section 2.5.3. One door was modelled as an opening in the airflow network.
This door, which was part of the Open Plan Office, was modelled as a large opening that
had a width of 0.97 m and a height of 2.085 m and was assumed to be opened only when
occupants were present in the office.

RS-02/RS-03

RS-02/RS-03

RS-04

RS-04

Overall

Adjusted

Overall

Adjusted

0.76m

1.60m
0.30m

1.60m

0.13m

0.30m

0.13m

Figure 5-3: Illustration of the adjustments made to the original overall dimensions to factor in actual net free
openable area for the large openings in TRNFLOW.

5.2.2.4 Deflning internal gains
Guidance given in the CIBSE TM54 [377], CIBSE Guide F [378] and by Menezes et al.
[379] were adopted for modelling lighting and small power appliances. Internal gains
from lighting were assumed to be 60% radiative and 40% convective (based on the default
values in TRNBUILD for fluorescent tubes). Internal gains from small power appliances
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was assumed to be 20% radiative and 80% convective [380]. These gains were created
outside of TRNBUILD and imported in order to track electrical consumption more
clearly. When defining internal heat gains from small power appliances and lighting three
levels were used based on the occupied building:
•

Base-load gains - gains when building is in unoccupied or off mode.

•

Standby gains - additional gains when a zone is unoccupied but during office
hours

•

Active gains - additional gains when a zone is occupied.

All gains were considered to be additive where standby gains and active gains were added
to the base-load gains to create different gain levels, as described in (5-1).

W-Total

Where,

ase

^standby

(5-1)

Inactive)

is the total internal gains, Vf^ase is the base-load contribution,

is the standby contribution and

W^ctive

Wstandby

is the active or occupied contribution, for either

workstation gains, communal gains or lighting gains. Gains due to lighting were not
considered to be on standby mode at any point, therefore

Wstandby

was set to zero for

lighting gains. During the study period there were no passive infrared sensors (PIR) in
use and dimmable fittings based on daylight were disabled. As a result, it was assumed
the occupants switched lights off when the room was completely unoccupied. The
lighting base-load modelled was due to the charging of emergency lighting fitting
batteries, emergency lights, and the parasitic energy demand from the PIR sensors being
plugged in but not in use. When the room was occupied, it was assumed all lights were
switched on. This assumption was made as lights were manually controlled by the
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occupants when they were in the zone, no timers or PIRs were in use. Table 5-2 indicates
the internal gains defined at room level for communal small power and lighting and at
occupant level for each workstation.

Table 5-2: Internal gains for three levels for each zone or workstation

ZoneAVorkstation

Wtase

(W)

^standty

(W)

Wactive m

Small power
Workstation 1
Workstation 2
Open Plan Office
Office 2
Office 1
Corridor

2
2
14
0
7
1.7

Open Plan Office
Office 2
Office 1
Corridor

32
4
5
14

22
1
34
0
20
0

41
67
209.2
0
0
24.09

0
0
0
0

1102

Lighting

no

222
100

When modelling small power appliances, internal gains related to communal devices (e.g.
printers) were separated from workstation devices (e.g. computers and monitors). Two
work stations were defined; a desktop workstation (Workstation 1) and laptop
workstation (Workstation 2). About 50% of the permanent building occupants used either
type of workstation respectively. All communal small power gains were defined at room
level. The level of gains from the building occupants was determined based on ISO 7730
[90], where each occupant was considered to be undergoing office work while present in
the office, generating 150W of heat (75 W sensible, 75W latent).

5.2.2.5 Moisture buffering materials
The prediction accuracy of WBEMs when predicting relative humidity (RH) has been
questioned in the past and has led to the removal of RH predictions from previous
literature [222]. As RH is an important variable when predicting comfort in buildings, the
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accuracy of the detailed building model at predicting RH has been included. Moisture
buffering in building materials was seen to be critical when predicting moisture levels in
buildings [235,381]. As only weekly prediction periods were used in this study the
WBEM included surface buffering only and used the effective mean penetration depth
(EMPD) model. The main absorption/desorption material in all zones was seen to be the
ceiling tile, which was made up mostly of mineral wool but also had small percentages
of newspaper and perlite in it. The k^urf value used was one which was an average based
on estimated percentage of these materials. Table 5-3 shows the variables used when
calculating surface buffering for all zones considered.

Table 5-3: Hygrothermal parameters defined for moisture buffer model used in TRNBIJILD
Zone

ksurf

Open Plan
Office 2
Office 1
Corridor

5.2.3

(kg/kg.RH-')
0.013
0.013
0.013
0.013

^surr

388
8
16
9

231
5
9
5

Calibration metrics used

The calibration metrics shown in section 2.5.4, were used in this study. These included
the MBE, the CVRMSE, and RMSE. For the purposes of this study, two classes were
defined when using standardised calibration metrics for hourly simulations:
Class I:

MBEhouriy

Class II:

± 5% and CVRMSEhouriy less than 20%

MBEhouriy

± 10% and CVRMSEhouriy less than 30%

The MBE and CVRMSE have been used for the purposes of evaluating error between
measured and predicted internal temperatures in previous calibration case studies. The
range of MBE was from -5.9% to 1.9% and the range of CVRMSE was from 1.7% to
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20.3% [54,213,221,222,255,260]. The number of thermal zones considered in these
studies ranged from 1 to 19 thermal zones where calibration methods, building models
and types differed. Low energy buildings can be thermally decoupled from the ambient
conditions and can often exhibit a narrower range of internal temperatures, when
compared to typical buildings. As a result of this narrow range, a building model may be
able to determine the mean zonal temperature with a large degree of accuracy but may
not capture the dynamic trend of internal temperatures in a low energy building, which
can be more reliant on parameters outside of the ambient air temperature [382]. To
account for the trending accuracy of our model we also calculated Pearson correlation
coefficients between actual and predicted datasets. This provided us with an indication as
to the accuracy of our model particularly in shoulder season conditions. The RMSE was
also used to compare the work presented here to existing work in naturally ventilated
buildings.

5.2.4

Methodology and sequence

A manual calibration approach was adopted when calibrating the detailed WBEM. A
manual calibration approach was used in this case as there was a large quantity of detailed
building information available to tune the model. The calibration process used in this
study is shown in Figure 5-4. This calibration process was proposed by Snyder and Maor
et al. [225] and has been further advanced in this study with some guidance from Raftery,
Keane and O’ Donnell et al. [383]. Using this methodology, the level of accuracy that is
deemed satisfactory is determined by the model calibrator.
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C

Finish

Figure 5-4: Calibration process for detailed WBEM calibration

Table 5-4: Selected periods to calibrate or validate WBEM

Week name
W1
W2
W3
W4
W5
W6

(Day) - Date from
(Wed) - 24^‘^ Dec 2014
(Mon)-29'*’ Jun 2015
(Mon) - 19'^’ Oct 2015
(Mon)-26'^ Oct 2015
(Mon) - 04“^ May 2015
(Mon) - 11"^ May 2015

(Day) - Date to
(Tue)-30''’ Dec 2014
(Sun)-05"’ Jul 2015
(Sun)-25'" Oct 2015
(Sun)-0P‘ Nov 2015
(Sun) - 10'" May 2015
(Sun) - 17'" May 2015

Occupancy
Figure 5-5: Plot of seasons and occupancy levels considered for calibration in red and validation in blue
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For this study the classes defined previously were used to determine whether a model has
achieved a satisfactory level of accuracy or not. It has been suggested by Raftery, Keane
and O’ Donnell et al. [383] that not all building information is of equal importance to a
WBEM and that a hierarchy of sources should be established. Each source of information
used for tuning should have evidence to support it being incorporated into the initial
model or any revision of the initial model. In this study all sources of information were
supported by evidence, therefore all information mentioned was added as a new revision
to the initial model. Although all data and information used to calibrate the model was
supported by evidence some parameter were interpreted to be more uncertain than others.
The approach taken in this example for each calibration week (i.e. Week 1 and Week 2)
was to add the most certain parameters first (i.e. measured data) followed by variables
that were less certain. The weekly data used allowed for tuning of specific variables that
were relevant to the season and occupancy levels. It was recommended by Yoon et al. to
conduct a base-load calibration and investigate calibrations accuracy in swing or shoulder
seasons [223]. The overall approach from a week-by-week perspective was to tune base
load parameters only in the unoccupied Week 1, followed by occupied parameters in
Week 2. Week 3 was used as a testing week to determine performance in shoulder
seasons. Table 5-5 and Figure 5-5 indicate the tuning data and periods used to calibrate
the initial model. In the absence of continuous data for one year it was decided to focus
on weeks that best represent the span of seasons as well as occupancy in the building.
Three periods were used to calibrate the detailed WBEM, and a further three weeks were
used to empirically validate the calibrated WBEM. As part of the calibration process we
also included a week for testing. The testing week for the calibration process was during
Week 3. During this week no parameters were adjusted. The final part of the calibration
process indicated was to investigate the influence of uncertain variables that may not have
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as much evidence to support them being discretely adjusted in the WBEM. For the
calibration process used in this study the influence of uncertain variables on indoor air
temperature are tested by comparing different schedules and opening control strategies to
determine the most appropriate value or approach to modelling them. In a university
building, higher levels of occupancy can be seen in shoulder seasons, while periods during
winter and summer can have mixed to low levels of occupancy.

Table 5-5: List of revisions made to initial model
Revision No

Week

Season

Name

Adjustment or Comment

R]
R2
R3
R4
R5
R6
R7
R8
RIO
R11
R12
R13
R14
R15
R16

W1
WI
Wl
Wl
Wl
Wl
Wl
Wl
W2
W2
W2
W2
W2
W2
W2

Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Summer
Summer
Summer
Summer
Summer
Summer
Summer

Wl Win R1
Wl Win R2
Wl Win R3
Wl Win R4
Wl Win R5
Wl Win R6
Wl Win R7
Wl Win R8
W2 Sum RIO
W2 Sum R11
W2 Sum R12
W2 Sum R13
W2 Sum R14
W2 Sum R15
W2_Sum_R16

Initial model - TMY3 file
Local weather file
Infiltration with TRNFLOW
Cold bridges added
External shading factor added
Static internal shading factor added
Internal gains when appliances are off
EMPD model for RH
Final model from Week 1
Dynamic internal shading factor
RS_02 openings
RS 03 and RS_04 openings
Internal gains from people
Standby mode internal gains
Occupancy driven internal gains

R17

W3

Shoulder

W3_Aut_R17

Testing final model from Week 2

R18
R19

W4
W5

Shoulder
Shoulder

W4 Aut R18
W5_Spr_R19

Final model from Week 2
Final model from Week 2

R20

W6

Shoulder

W6 Spr R20

Final model from Week 2

To utilise the data gathered more effectively, the sequence for which calibration was
performed was considered to be most important. The detailed WBEM that is presented in
this study was calibrated with using a range of occupancy levels and a range external
conditions for different seasons. A series of revisions were made to the initial model,
these can be seen in Table 5-5. The majority of revisions indicated are related to
calibration for indoor temperature only, however one revision (R8) is where moisture
buffering materials are included in the building model. At each revision, more
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information was added to the WBEM until all variables that could be revised were revised
[243,383]. Instead of tracking revisions with additional software, revisions were tracked
manually [54,225]. The detailed WBEM was initially calibrated when the building was
unoccupied during Week 1. An unoccupied week meant there was less dynamics and
transient activation of the natural ventilation and internal gains, these were effectively
turned off making it possible to tune the background response of the building fabric prior
to introducing these additional systems effects. The calibrated model from Week 1 was
then used as the initial model to calibrate the model in the occupied summer period during
Week 2. When the model was calibrated in Week 2 all the collected detailed information
was used. As a result of the need to consider shoulder seasons when calibrating models
[223] and the need to capture the highest level of occupancy in university buildings, the
calibrated model from Week 2 was then tested under the shoulder season conditions
during Week 3. At this point both occupancy and the position of openings were
considered as empirical schedules using the actual data gathered from occupants and the
BMS system. The calibrated model was then validated using another three weeks where
the building observed varying levels of occupancy from Week 4 to Week 6.

5.2.5

Occupancy schedules and opening control strategies
5.2.5.1 Occupancy schedules

The final detailed building model was calibrated using empirical occupancy schedules.
As most WBEMs of buildings will not have empirical occupancy data available and
therefore will use some form of theoretical or standardised occupancy schedules, the
difference in the model accuracy relative to occupancy data was tested with different
schedules. When using standardised schedules like those in ASHRAE 90.1 [384] or
ISO 17772-1 [385], a diversity factor for each hour is multiplied by the maximum number
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of occupants that each zone was designed for. To generate stochastic occupancy patterns
the Lawrence Berkeley National Laboratory (LBNL) occupancy simulator was used [57].
Using the occupancy simulator, one profile was generated for each room that was
considered occupied during the monitoring period (i.e. Office 1 and Open Plan Office).
Table 5-6 indicates the different schedules used. All schedules were compared to the
calibrated WBEM which was used as the control scenario in the comparative analysis
section. Schedules were compared during Week 2 and Week 3 by only varying the
occupancy predictions within the calibrated WBEM.
Table 5-6: Different occupancy schedules investigated

Schedule name

Description

Control

Detailed WBEM using actual empirical occupancy data

ASHRAE

ASHRAE 90.1 occupancy schedules

ASHRAEadj

ASHRAE schedules multiplied by 0.5

ISO

ISO 17772-1 oecupancy schedules

ISOadj

ISO schedules multiplied by 0.5

Stochastic

Stochastic occupancy generated from stoehastic oeeupaney generator

The calibrated WBEM was used as a “control” or baseline for all comparisons. As some
research has indicated that the predicted values can vary from standards by 46% [386],
two additional schedules were added to the analysis which were the ASHRAE and ISO
schedules multiplied by 0.5.

5.2.5.2 Opening control strategies
There exists a large body of research that tries to correctly determine when building
occupants’ are likely to interact with windows or openings in a building [283,287,387].
As a comparison of these opening interaction models has already been made in literature
[388], comparing all would be unnecessary. Instead, one probabilistic opening control
model was used to create a theoretical adaptive control strategy, and this strategy was
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compared to different building management system (BMS) control strategies that would
be used in practise to simulate the span of occupant interactions. The adaptive model
developed by Rijal, Tuohy and Humphreys et al. [283] was the probabilistic model used
in this study to create the adaptive control strategy. For this study, the exponentially
weighted external mean temperature was initialised by using data from the last 7 days at
the end of TMY3 weather files which were generated using Meteonorm 7 [389]. The
adaptive control strategy was also compared with a typical automated control system for
determining the positions of openings in a zone. All controllers used were Type 2 dead
band controllers from the TRNSYS user libraries. The hours of occupancy considered for
the BMS system control strategy were between 08:00am and 06:00pm. Figure 5-6 shows
the BMS control strategy and the adaptive control strategy in more detail. The dead-hand
air temperature difference considered was ± 1 °C, with a set-point of 21 °C and an external
temperature limit of 12°C. In this study, the adaptive control strategy was only used if the
zone was occupied. It was assumed that when a zone was unoccupied that all openings
were closed on departure. The dead-hand operative temperature difference considered
was ± 2°C. The exponentially weighted external daily mean temperature (trm)
calculated using Equation (2-7) which is used to initialise the calculation process of t^m
based on seven days at the start of the year. For all days after this
using Equation (5-2). The value of

a

was calculated

was set to 0.8. The comfort temperature

was

determined using equations (5-3) and (5-4). If t^m was greater than 10°C then Equation
(5-3) was used. If t^m was less than or equal to 10°C then equation (5-4) was used. The
probability of whether opening was opened Pvvwas based on equations (5-5) and (5-6).

tym —

(5-2)

(1

167

Calibration, validation, analysis and practical approaches

tc

0.33trm + 18.8

(5-3)

— 0.09t^^ + 22.6

(5-4)

=

Func = 0.171top + 0.166tg — 6.43

-b

Func'

(5-5)

(5-6)

Figure 5-6: Control strategies for opening control strategies. On the left is the automated control strategy
similar to the BMS. On the right is the adaptive control strategy.

When an opening was simulated using the adaptive control strategy the probability of it
being opened

was compared to a random number
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number generator (Type 577). Table 5-7 explains the different combinations of these
control strategies which have been selected for each opening configuration. Similar to
the occupancy schedule comparison, only the control logic for the opening and closing of
openings was varied. During this phase of the number of occupants in a zone was based
on empirical data, and all comparisons were made using data for Week 2 and Week 3.

Table 5-7: Different occupancy control strategies investigated

5.2.6

Model name

Description

Control

Actual recorded opening positions of openings using detailed WBEM

All_Auto

All opening positions are determined using a typical control system

AllAdapt

All opening positions are determined based on the adaptive model

Adapt/Auto

Lower openings are adaptive model, upper openings are automatic

UpperAuto

Lower openings are not operated, upper openings are automatic

Researcher and practitioner approaches

Following a comparative analysis of the calibrated WBEM, a comparison was made with
different modelling approaches for both opening controls and occupancy predictions. To
compare both, two different approaches were considered; a researcher approach and a
practitioner approach. It is likely that both researchers and practitioners would not have
access to data specific to the opening positions or the oceupancy when they are simulating
a building. Therefore, the approaches suggested, were created to compare occupancy
schedules and oecupant interaction with openings specifically, as opposed to treating it
as a data driven input into the model. Two models were created based of the calibrated
WBEM or control model so they could be compared to a model where data was
empirically inputted. This comparison was made during Week 4 to Week 6. Each
approach considered was detailed as follows:
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•

Control - Calibrated WBEM with occupancy and occupants interactions as
empirical data collected during calibration and validation phases where a local
weather file for CIT was used.

•

Practitioners’ approach - occupancy assumed as best occupancy schedule from
standards, all openings in building were automated based on automatic BMS
control system, TMY3 weather file for Cork.

•

Researchers’ approach - occupancy is assumed to be stochastic, lower openings
are considered adaptive, upper openings automated using BMS control system,
TMY3 weather file for Cork.

The practitioner and the researcher approaches had the following assumptions:
•

The maximum number of permanent occupants in the Open Plan Office was 12
people. Office 2 was considered unoccupied, and Office 1 had a maximum of one
permanent occupant in the zone.

•

In the Open Plan Office, small power internal gains were kept at same levels and
loads as in Table 5-2. However, it was assumed that 50% of the occupants in the
zone would use workstation 1 and 50% of occupants would use workstation 2.

•

No internal blind positions were modelled. The actual blind positions were used.
This was done as the comparison stage was designed to compare approaches to
modelling occupancy levels and occupant interaction with openings.
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5.3 Results and Discussion
In this section, results are presented for a calibration and validation of a building model,
a comparative analysis investigating the influence of occupancy schedules, and opening
control strategies and a comparison of approaches. Results will be reported for both
indoor air temperature and relative humidity in each section. As the majority of revisions
of the model were for calibrating the air temperature, more detail on this parameter is
given.

5.3.1

Calibration and validation
5.3.1.1 Air Temperature

Error metrics for predictions of indoor air temperatures for the three rooms considered
during the calibration and validation are shown in Figure 5-7 and Figure 5-8. Time series
plots of indoor air temperature for all predictions of final models for each week are shown
in Figure 5-9. Each model at each calibration revision was simulated during the conditions
the outside conditions for each week. The final models (R7, R16) which are indicated
using a dashed vertical line, were used as the initial models for the following week (RIO,
R17). As the final model at revision R16 was used in revision R17 they have the same
performance on average (shown in grey), however, the performance at the specific week
varies (shown using the lines and points). When typical calibration metrics (shown in
Figure 5-7) are examined it can be seen that all the final models of each calibration week
(Week 1, R7 and Week 2, R16) and the testing week (Week 3, R17) achieved a Class II
level of accuracy in all rooms, with all but one room (Office 1) achieving a Class I level
of accuracy. The average results for each final model or revision to the initial model
(shown in grey) indicate that the final models (R7, R16, R17) were on average within

71

Calibration, validation, analysis and practical approaches
Class I (CVRMSE < 5% and MBE ± 5%). The validation results for Week 4 to 6 indicate
a similar level of performance with MBE values within ±5% in all rooms and CVRMSE
values are below 5% generally, with one room having CVRMSE values greater than 5%
(Open Plan Office, R19). From a calibration perspective the average performance in
CVRMSE terms (shown in grey) shows a decreasing trend in error from the start to the
end of the calibration process.

According to Raftery et ah, changes of 2% in

CVRMSEhouriy are considered significant during the calibration process [227]. Using this

as a general guide for estimating the influence of variables at each revision, the change in
CVRMSE between revisions was calculated, and as a result, many influential variables
were identified. In Week 1 revisions related to, adding a local weather file (change in
CVRMSE of between 3% and 9% depending on the zone), adding building leakage or
infiltration from TRNFLOW (change in CVRMSE of between 6% and 8%), adding linear
thermal bridges (change in CVRMSE of between 2% and 4% depending on the zone),
and adding an external solar shading factor (change in CVRMSE of between 4% and 5%
depending on the zone) were considered influential. During Week 2, some additional
information related to openings and occupant driven internal gains caused CVRMSE
error levels to vary by between 2% to 5% depending on the zone. This variation can be
seen in revisions 11 to 14, where the weekly error increases for all occupied office spaces
before decreasing again in revisions 15 and 16. This would suggest that there may be
some noise in the data used in these revisions of the model, and also indicates that these
variables are influential when predicting indoor air temperatures. In Figure 5-8 we can
see that there is a decreasing trend in the RMSE and an increasing trend in Pearson
correlation coefficients (shown in grey) from the start to the end of the calibration process.
Strong correlations were calculated between actual and predicted values (|r| > 0. 5) [76]
for all final models for Weeks 1 to 3.
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Figure 5-7: Plots of MBE and CVRMSE for calibration and validation weeks. (Grey bars indicate the average
performance of each model at each revision as simulated during all conditions in all weeks, where the average
is for three weeks and three zones. Points and lines indicate the error of each model during a specific week and
zone. Dashed vertical lines indicate final models.

The range of values for final models shown in Figure 5-8 indicates a RMSE of between
0.27°C to 0.48°C in during the unoccupied winter week (Week 1), a RMSE in the range
of 0.58°C to 0.87°C in the occupied summer week (Week 2), and from 0.83°C to 1.40°C
in the occupied shoulder season week (Week 3). The range of RMSE values observed
during the validation phase of this study was from 0.40°C to 1.50°C. Figure 5-9 and
Figure 5-10 highlight the sources of error between actual and predicted datasets for each
zone in more detail (during calibration and validation weeks). In Week 1, there is largely
a good agreement between actual and predicted datasets for each zone. In Week 2,
predictions appear to over-estimate the cooling energy contribution from natural
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ventilation, with under-predictions of air temperatures particularly in the cellular Office
1. In Week 3, all zones tend to over-predict indoor air temperatures.
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Figure 5-8: Plots of RMSE and Pearson correlation coefficients for calibration and validation weeks. (Grey
bars indicate the average performance of each model at each revision as simulated during all conditions in all
weeks, where the average is for three weeks and three zones. Points and lines indicate the error of each model
during a specific week and zone. Dashed vertical lines indicate final models

Figure 5-9 suggests that final models find it more difficult to predict the shape of the
temperature profiles in cellular office spaces, as opposed to the larger Open Plan Office.
This observation is supported by Figure 5-8 where the Open Plan Office has the largest
observed Pearson correlation coefficients for both calibration and validation. As was
indicated in section 2.7.3, parameters that are influenced by the behaviour of occupants
can be the main reason for deviations between actual and simulated values. The same can
be observed in this nearly zero energy example for predicting air temperatures.
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Adual - - Predicted

Figure 5-9: Line graphs of actual and predicted zonal temperatures for each rinal model (R7, R16 and R17)
and week of calibration or testing. (Zone/location show n on vertical title bars)

Revisions related to natural flows and occupant behaviour are influential when predicting
indoor air temperatures in nearly zero energy structures. In our case, it is clear that
unoccupied predictions are more accurate (RMSE < 0.5°C) than periods where occupants
are present (RMSE < 1.4°C). This difference in error that is presented in occupied periods
demonstrates that occupied periods are the main challenge when predicting indoor air
temperatures. Mateus et al. present air temperature prediction accuracies for naturally
ventilated case studies using different system configurations [390]. The results and
accuracies presented in this study are also comparable with existing literature on single
sided validation studies in real buildings [391,392]. As there are very few low energy
calibration case studies that report air temperatures at room or office level specifically in

75

Calibration, validation, analysis and practical approaches

naturally ventilated mode, comparisons with other research articles related specifically to
model calibration are currently limited.

3150
— Actual

3200

3250

Predicted

Figure 5-10: Line graphs of Final models for air temperature predictions during validation phase

In the absence of results for naturally ventilated nearly zero energy non-residential
buildings specifically, it is difficult to compare the work presented here with existing
studies as there are so few. However, the results presented in this study compare
favourably on average with other work that is based in low energy dwellings [53,54].
Previous work in low energy dwellings specifically identifies CVRMSE values of less
than 5% as a calibration target for internal operative temperatures in their passive case
study dwelling [54]. Unfortunately, as the authors do not differentiate between accuracies
when the building is mechanically or naturally ventilated, comparison is difficult.
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Furthermore, the authors report mean CVRMSE values over a month, which may not be
directly comparable to the weekly values presented here. These calibration examples
show that CVRMSE values of less than 5% are achievable for mechanically ventilated
buildings [53,54]. Based on the work presented in this study, we can see that achieving
the same level of calibration accuracy in naturally ventilated buildings is more difficult.
Our work would suggest that if typical calibration metrics like the CVRMSE are used as
a calibration target for achieving acceptable accuracy levels when predicting indoor air
temperatures, acceptable levels should be separated by ventilation mode (e.g. mechanical,
natural or mixed-mode). CVRMSE values of 5% may be achievable for all mechanically
ventilated zones, the same may not be the case for naturally ventilated zones. In this study
it was demonstrated that CVRMSE values of less than 7.5% are achievable when
calibrating for naturally ventilated zones with hourly data when opening positions and
occupancy are used as inputs.

5.3.1.2 Relative Humidity
Table 5-8 shows the observed accuracy of the RH predictions during calibration and
validation weeks. The results in Table 5-8 show that predicting RH for all zones can be
achieved with a reasonable level of accuracy.

Table 5-8: Observed Pearson correlations and mean error levels for RH predictions using final models from
temperature calibration, testing and validation in the three zones considered
Week
1
2
3
4
5
6

Open Plan
0.86
0.90
0.70
0.76
0.95
0.84

Correlation (-)
Office 2
-0.07
0.92
0.79
0.64
0.91
0.95

Office 1
0.84
0.90
0.45
0.06
0.61
0.54
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Open Plan
4.3
3.0
5.5
3.4
4.0
4.0

RMSE (%)
Office 2
13.4
3.1
6.8
4.0
4.0
5.6

Office 1
8.1
4.1
15.0
5.8
6.5
7.7
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—

Actual

—

Predicted

Figure 5-11: Line graphs of relative humidity for calibration weeks

All zones generally have correlation values greater than 0.45 and RMSE values less than
8.1% in five out of six of the weeks considered. Outside of this, the EMPD model used
appears to capture both trending and mean values of RH very well for the Open Plan
Office, and exhibiting some mixed results for the cellular offices. This is shown in Figure
5-11 and Figure 5-12 where RH accuracy appears to depend on the office type and the
week used. In the weeks where calibration took place it is clear that predicting the RH in
unoccupied mode is less accurate when using the EMPD model. Furthermore, it appears
that the larger Open Plan Office has more reliable RH accuracy than the cellular offices
spaces. This observed discrepancy is likely due to a combination of the larger control
volume and the relative occupancy levels present in the Open Plan Office. An over
prediction of the latent contribution from occupants in the Open Plan Office will have
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less of an effect of the moisture balance due to the larger control volume in open plan
offices.

Week 4

7150

7200

7250

7300

2950

3000

3050

— Actual - -

3100

3150

3200

3250

Predicted

Figure 5-12: Line graphs of relative humidity for validation weeks

The opposite can be said for cellular offices. In cellular offices overestimating the
contribution from occupants can lead to large prediction errors as a result of the smaller
control volume. This prediction error may be less prevalent in a leakier building where
the excess moisture predicted may be dampened by the infiltration rate. In air-tight
buildings like the one studied here there is less of an infiltration moisture sink for over
predictions of moisture levels due to occupants. This is likely to explain RH observations
above, indicating that RH can be predicted quite accurately for open plan offices, and less
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so in cellular offices. The seasonal variation in accuracy is also prevalent, where the
summer calibration week is more accurate than the shoulder seasons. The range of RMSE
that was indicated in winter was between 4.3% and 13.4%. For summer, this was reduced
to between 3.0% and 4.1 %, while in shoulder seasons the range expands again to between
3.4% and 15.0%.

Table S-9; Standardised calibration metric results for RH predictions during calibration and validation
Week

1
2
3
4
5
6

Open Plan

4.6
0.0
2.0
3.7
6.5
2.2

-

MBE (%)
Office 2

21.0
1.5
4.5
2.7
1.3
7.7
-

Office 1

Open Plan

13.0
3.4
2.1
4.2
6.8
7.1

8.9
5.5
11.2
6.0
9.0
8.8

-

CVRMSE (%)
Office 2

24,6
5.4
12.6
6.9
8.8
11.9

Office 1

16.5
7.4
26.2
9.4
13.7
15.9

Table 5-9 shows the accuracy when standardised metrics are used. By and large the open
plan space has the most reliable prediction accuracy. As few studies have presented the
accuracy of RH with comparable metrics, averaging periods, or building types it is
difficult to compare RH accuracies. The accuracies shown here for the Open Plan Office
fall within the range of CVRMSE values recorded by Woods and Winkler et al. [235]
while the RMSE values are comparable with the residential building that was studied by
[253]. In the absence of reported accuracies for naturally ventilated non-residential
buildings, this study indicates that improved accuracy in RH models is needed for NV
buildings, where there is a question over the reliability of prediction accuracy for cellular
offices.
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5.3.2

Comparative analysis
5.3.2.1 Air temperature

As mentioned previously, multiple occupancy schedules and opening control strategies
were investigated. To do this, alterations to the detailed WBEM were made only for
occupancy schedules and opening control strategies individually. These alterations were
then compared to the detailed WBEM which had empirical data for both occupancy and
opening positions.

30%
25%
20%
LU

^ 15%
CC.

>
o

10%
5%

i!

i' i

0%

Class

Zone

Figure 5-13: Scatter plots of MBE and CVRMSE for different occupancy schedules shown previously in Table
5 (on top) and opening control strategies shown previously in Table 6 (on bottom). (The combined average
error of Week 2 and 3 is shown as a point with error bars indicating maximum and minimum values.)

In this section the detailed WBEM presented in section 5.3.1 is referred to as the control
model. Office 2 was not occupied during the monitoring period and was excluded from
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this section of the analysis. Figure 5-13 and Figure 5-14 indicate the error for each
schedule or opening control strategy investigated with reference to the calibrated control
model. The error in the control model for Week 2 and Week 3 had CVRMSE values less
than 7.5%, mean MBE values of ± 5%, at room level, and had a RMSE range of 0.62°C
to 1.40°C. Of the occupancy schedules investigated the ASHRAE occupancy schedule
was the worst performing schedule for both zones lying outside of Class II, as it had mean
MBE values outside of the ±10% range. Even if this schedule is adjusted (ASHRAEadj)
to represent the occupancy in a university building, it stills falls outside of Class II. The
ISO, the adjusted ISO (ISOadj) and the stochastic occupancy schedules comply with both

CVRMSE and MBE requirements for Class II. This indicates that these schedules have
satisfactory levels of accuracy for use in WBEM applications for naturally ventilated
NZEBs. A variation in different zones is also evident, with predictions in the cellular zone
with a single occupant showing greater variation in CVRMSE predictions when
compared to an open plan office. However, the variations in Office 1 are likely to be an
exaggeration of the errors that already existed in the control model, which shows Office
1 to be more variant from week to week when compared to the Open Plan Office. The
opening control strategies investigated appear to deviate less from the control, where none
of the control strategies affect the performance of the control model significantly. All the
opening control strategies investigated comply with both CVRMSE and MBE
requirements for Class II. The worst performing strategy was the strategy which assumed
all openings in each zone would be opened manually according to the adaptive control
strategy (All Adapt). However, the All Auto had a similar level of error. This suggests
that supposing that occupants or automated systems will operate all of the available
opening area is inappropriate for this application. The best performing strategies were
those that assumed the upper openings only would be automated.
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Figure 5-14: Scatterplots of RMSE and Pearson Correlation coefficients for different occupancy schedules (on
top) and opening control strategies (on bottom). (The average of Week 2 and 3 is shown as a point presented
with error bars indicating maximum and minimum values.)

From Figure 5-14 we can see that both the ASHRAE schedule and the adjusted ASHRAE
schedule show the worst overall performance. The adjusted ASHRAE and ASHRAE
schedules had RMSE values between 3.0°C and 3.5°C on average, however, RMSE
values larger than this were observed in individual offices during specific weeks. The
adjusted ISO schedule showed the best mean performance with a range of RMSE values
between 0.7°C and 1.3°C which compares favourably with the control.

Adjusting

standardised occupancy schedules led to improvements of between 0.4°C and 0.7°C on
average for the Open Plan Office, the differences are less pronounced for cellular offices
(<0.2°C). Overall, the difference in RMSE between best and worst schedules is greater
than 2.0°C on average. This indicates that consideration should be given to the occupancy
schedule for use in whole building simulation. Moreover, treating the occupancy
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stochastically and using an adjusted standardised schedule can have comparable levels of
performance. For open plan offices the use of a stochastic occupancy profile is quite
accurate, however, as the number of occupants can be predicted to be greater than one in
cellular office spaces, this means that the stochastic occupancy generator tended to over
predict the air temperature in Office 1. It can be seen that the adjusted ISO schedule and
the stochastic schedule have similar average Pearson correlations of 0.69 and 0.65
respectively, showing that both are comparable for this application. The results in Figure
11 show that opening control strategy assumptions had less of an impact on the overall
RMSE for this specific application. This is best shown by the difference in RMSE
between the best and worst performing opening control strategies being only 0.5°C on
average. The line graphs shown in Figure 5-15 and Figure 5-16 show the hourly
predictions for both occupancy schedules and opening control strategies. Figure 5-15
indicates that the use of the ASHRAE schedule clearly overestimates the internal air
temperature in both rooms. While the adjusted ISO performs well when compared to the
control model. The difference between best and worst opening control strategies is less
evident when we look at Figure 5-16. However, in general we can see that the UpperAuto
control strategy appears to be more stable than the All Adapt strategy, but the results
presented are mixed depending on the week investigated. More research is needed in
simulating the behaviour of groups of people in naturally ventilated buildings and more
blended manual and automated strategies need to be proposed and investigated in research
to overcome this issue. More examples of adaptive and non-adaptive control strategy
predictions are also needed for different buildings during different periods of the year.
Furthermore, the research must demonstrate how to practically simulate the actions of
occupants in a more subtle and nuanced manner, as crude assumptions may fail to capture
occupant’s interactions with openings.
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— Actual

ASHRAE — Control — ISOadj

Figure 5-15: Line graphs of actual (solid) and predicted (dashed) temperatures when using different
occupancy schedules

In post-occupancy evaluations in low energy homes in the UK, it was found that the
“behaviour of occupants may play a critical role in reducing or increasing temperatures
in homes” [163]. The work presented here for the non-residential case shows that the
choice of occupancy schedule can have large influence on the change in air temperatures
in a nearly zero energy building, with a difference greater than 2.0°C on average, while
the opening control strategies appear to have less of an effect in this instance (greater than
0.5°C on average). Previous work has shown that if occupants in dwellings can adjust the
set-points easily they will [281]. In this particular instance occupants cannot adjust setpoints easily, due to limited access to the centralised BMS system.
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—Actual—Control

All_Adapl—UpperAuto

Figure 5-16: Line graphs of actual (solid) and predicted (dashed) temperatures when using different control
strategies

5.3.2.2 Relative humidity
Based on the results shown in Table 5-10 and Table 5-11, it is clear that the occupancy
schedules have more of an impact on RH predictions than opening control strategies. By
changing the occupancy schedule the resulting change in RMSE with respect to the
Control model can be between 0.6% and 13.0% and 0% to 14.5% for the Open Plan Office
or Office 1 respectively.
Table 5-10: RMSE of relative humidity for different occupancy schedules during Week 2 and Week 3

RMSE (%)
Model

Week 2
Open Plan

Office 1

Week 3
Open Plan

Office 1

Control

3.1

4.2

5.6

15.2

ASHRAE

8.5
7.7

6.9
6.6

8.9
6.5

5.2
4.2
4.5

4.2
4.1
6.0

9.2
6.2
18.6

12.1
13.5
12.4
12.7
29.6

ASHRAEadj
ISO
ISOadj
Stochastic
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Table 5-11: RMSE of relative humidity for different opening control strategies during Week 2 and Week 3
RMSE (%)
Model

Week 2

Week 3

Open Plan

Office 1

Open Plan

Office 1

Control

3.1

4.2

5.6

15.2

Adaptive

4.9

8

7.9

14.9

Automated

5.8

5.6

7.2

11.1

AdaptAuto

4.5

5

6.7

10.5

UpperAuto

4.5

5

6.7

10.5

For opening control strategies the resulting change in RMSE with respect to the Control
model can be between 1.1% and 2.7% and 0.8% to 4.7% for the Open Plan Office or
Office 1 respectively.

— Actual

Control — iSOadj — Stoctiastic

Figure 5-17: Line graphs of relative humidity for best and worst occupancy schedules during Week 2 and
Week 3

Based on the line graphs in Figure 5-17 and Figure 5-18 presented we can see that the
accuracy of schedules of control strategies depends on the week of data used, the office
type and model that is used for prediction purposes. It is clear that the stochastic
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occupancy generator performs worst when compared to all model for Week 3. The error
in the Stochastic model is likely due to the amount of moisture that is added to a zone
from occupants, which causes and offset from the control model and actual data
respectively, with the error being more pronounced in Week 3. The errors for Office 1
appear to be consistent for all models, with all models including the control model
predicting far greater fluctuations in relative humidity than exist in reality. The line graphs
for opening control strategies show a smaller deviation from measured data with the
UpperAuto control strategy improving RH predictions by 4.7% on the control model for
Office 1. However, generally most models predict the RH accurately.

— Actual — Control

All^Adapt — UpperAuto

Figure 5-18: Line graphs of relative humidity for best and worst open control strategies during Week 2 and
Week 3
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5.3.3

Approach comparison
5.3.3.1 Air Temperature

Figure 5-19 presents the results from the comparison phase which was conducted using
data from Week 4 to Week 6. Overall, the use of either practitioner or researcher
approaches results in CVRMSE values of less than 12%, where the average difference in
CVRMSE between both practitioner and researcher and the control is on average 4%. The
mean difference in RMSE between approaches and the control was on average 0.8°C for
both practitioner and researcher approaches. Where the mean difference in RMSE
between both approaches was negligible (0.1 °C on average).

Class

I

II

Zone ^ OFFiCE_i

open_plan

Figure 5-19: Scatter plots comparing the IMBE and CVRMSE of practitioner and researcher approaches with
data from Week 4 to Week 6. (Solid points indicate errors averaged out over the three weeks and error bars
show maximum and minimum values over the same period)

The overall RMSE range, with all rooms, for all approaches (including the control) was
between 0.4°C and 2.6°C. Where the control model had RMSEs as high as 1.5°C and the
practitioner and researcher approaches had RMSEs as high as 2.6°C. Despite the
calculated RMSE being greater than that of the control, and having a larger spread of
results, in general, both approaches showed an acceptable variation from the measured
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data used, with both complying with Class II, and average values for cellular offices being
in Class I. This suggests that both approaches yield comparable levels of accuracy when
predicting internal air temperatures, without deviating largely from a model with a large
amount of inputs for both opening positions and occupancy. The results presented in this
case study highlight the balance needed for practitioners when simulating naturally
ventilated nZEBs going forward. The use of occupancy schedules with a wider range of
diversity is advised, be they through the use of a stochastic occupancy generator or a
standardised occupancy schedule. The selection of the schedule should be “fit-forpurpose” and represent the building type and activity (i.e. office, university, dwelling etc.)
at room-level. The balance of automated and manual interactions with the buildings
openings .should also be modelled with care.

53.3.2 Relative Humidity
Table 5-12 shows the accuracy of the different approaches to simulating when compared
to the control building model. The approaches to simulating the moisture in both the Open
Plan Office and Office 1 show there are large deviations from the control model.
Variations of between 4.0% and 15.6% in relative humidity were observed between both
approaches and the control model, when all spaces are considered. The magnitude of these
errors makes simulating RH to a high-level of accuracy difficult as many zones has RMSE
values greater than 15%, with unreliable and mixed results depending on the week. While
previous work using the EMPD model show reasonable levels of accuracy [235], it is
clear that predictions in very air-tight NV buildings without detailed information or
controlled test environments requires more accurate moisture balance models to be
reliable at predicting moisture levels in NV mode.
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Table 5-12: Accuracy of different approaches to simulating relative humidity during Week 4, 5 and 6
RMSE (%)
Week

Practitioner

Control
Open Plan

Office 1

Researcher

Open Plan

Office 1

Open Plan

Office 1

4

3.4

5.8

7.4

13.4

13.22

19

5

4

6.5

17.7

13.1

18.2

13.7

6

4

7.7

16

13

11.6

11

The source of error in most circumstances appears to be as a result of predicting the
moisture contribution from occupants into the air. RH levels are predicted to saturate at
levels that are greater than the actual RH level in both rooms.

5.4 Conclusions
Conclusion 2: Low levels of prediction error for indoor air temperature and relative
humidity are possible if detailed information and data are available and calibration and
validation are used for tuning dynamic coupled thermal and airflow models ofnZEBs.
There was a good agreement between predictions and the measurements at room-level
(RMSE < 1.50°C and 5.5% for open plan spaces). However, if satisfactory levels of
accuracy are determined by using existing calibration metrics and ranges in standards, it
may not reflect the accuracy of predictions in nZEBs. As nZEBs tend to have a narrower
internal temperature range (~ 4°C when occupied), mean metrics may not reflect the
prediction capabilities of a WBEM. CVRMSE values of <12% for air temperature
predictions were achievable in this case, however, the Pearson correlation coefficient
should be used in nZEB calibrations. During the process of calibration, parameters such
as the external solar shading factor, thermal bridges and parameters related to occupant
behaviour were found to be the most significant for the nZEB application considered.
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Conclusion 3: The behaviour of occupants and how they are simulated has a major
hearing on the accuracy of air temperature and relative humidity predictions for
passively cooled nZEBs, and, assumptions surrounding the presence of occupants is of
particular significance as it affects both the temperature of the air and the moisture
content in it.
The use of different types of occupancy schedules had a large effect on the accuracy of
predictions, changing the RMSE by as much as 2°C. The use of occupancy schedules
which represent the diversity in themial zones performed best for the calibration and
validation periods and data used here. The differences between opening control strategies
was relatively small (~0.5°C) while the difference in approaches for modelling both
schedules and opening interactions showed negligible differences (~0.1 °C). However, the
schedules and opening interaction assumptions that would actually be used in practice
showed a marked reduction in accuracy (RMSE: Temperature <2.6°C and RH <19% for
open plan spaces). Finally, it appears that features of occupant behaviour that relate
directly to magnitude, such as the number of occupants, are more relevant for highly
insulated buildings.
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6. Simulated discomfort risk of different passive
control strategies: now and in the extreme
future
6.1 Overview and context
The view of passive cooling systems in the national context or historically has been mixed
with regard to thermal comfort performance, part of this is due the lack of knowledge of
passive cooling systems like controlled natural ventilation. The lack of adoption of
passive cooling in nZEB examples was also highlighted in the energy performance
certificate examples presented section 2.7.2 and section 2.7.6. While the predominance
of standards like the passive house standard have not exclusively led to the lack of
adoption of passive cooling as a comfort cooling option, the specification of mechanical
ventilation (mostly for lAQ purposes) has led to the more widespread adoption of
mechanical ventilation as the default position (particularly in a national context), where
existing examples of measured residential nZEBs have been shown to be possible by
adopting the passive house approach in Ireland (see section 2.7.3). Unfortunately,
comparisons of passive cooling to mechanical cooling have often used simplified
(occupant driven) natural ventilation as the base-line for comparative purposes (where
controlled systems are compared to uncontrolled systems). The examples of controlled
passive cooling presented for various climates in sections 2.6.3 and 2.6.4 demonstrate
unequivocally that passive cooling, can result in cost-effective, low carbon comfort
cooling. However, the question of how resilient these control strategies are to future
climate change remains largely unanswered (see sections 2.6.4.3 and 2.7.6). Natural or
passive cooling systems can reduce the need for mechanical ventilation in shoulder and
summer seasons. Currently, simplified methods (i.e. heating or cooling degree day
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methods, see section 2.3.1) for estimating the potential of these systems may not be
appropriate for predicting the actual overheating risk, actual cooling potential or thermal
comfort performance. If we consider the cooling potential in the context of an nZEB or
highly insulated and decoupled buildings, dynamic simulation may be the only approach
as degree day cooling methods may not accurately correlate with the internal conditions
in these buildings. Based on the review from above it is clear that more research is needed
to realise the potential of advanced passive or natural cooling systems in maintaining
thermally comfortable conditions. More work is also needed to understand the full energy
saving potential of the adaptive models presented in literature and the future capabilities
of passive cooling systems in extreme shoulder or summer seasons. Based on the above
context and the lack of well demonstrated examples of the future resilience of passive
cooling systems (like NV) in nZEBs, the final part of this research involved the simulation
of various passive control strategies (see Figure 6-1).

Figure 6-1: Context of simulated discomfort chapter with respect to the overall research methodology

The overall aim of this chapter was to address the final objective of this research which
was to demonstrate, numerically, the most appropriate control strategies for passive
cooling in nZEBs that result in the optimum trade-off between thermal comfort and
resilience to future climate. In this chapter we address this objective by, 1) determining
which passive cooling control strategies are best at maintaining thermally comfortable
conditions 2) investigating what effect night ventilation, solar shading and an external
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RH limit has on the hours of natural ventilation and 3) which strategies reduce the need
for mechanical ventilation in shoulder and summer seasons, for external conditions now
and in an extreme future. The result of this was to create holistic control strategies that
consider a combination of: day-time and night-time ventilation, dynamic solar shading
and humidity sensitive control. In this chapter we focus on the application of these control
strategies to two types of climates; a maritime climate (in Dublin, Ireland) and a
continental climate (in Budapest, Hungary). Initially, the weather and climate will be
analysed in both locations using external conditions representative of the current climate
and for an extreme year in the future. In this analysis the aim is to understand the changes
in climate that are expected using current methods and the implications for adaptive
thermal comfort modelling. Secondly, the thermal comfort performance of different
passive cooling control strategies (using typical meteorological files) will be determined,
for both non-adaptive and adaptive set-points. Then, the robustness of all strategies using
extreme future weather files will be tested. This will aim to identify the risk to discomfort
when using passive cooling control strategies now and in the extreme future. Finally, the
systems that have the potential to consume the least amount of energy from mechanical
systems will be determined.

6.2 Materials and Methods
6.2.1

Model description
6.2.1.1 Natural ventilation system and airflow network

For the purposes of this chapter the same building model that was presented in Chapter 5
was modelled. However, the ventilation system was simplified by having one large
opening per fa9ade. This was done to simplify the control system and to ensure that each
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room had a proportion of net openable area to floor area ratio (POP) of 2.5%. A POP
value of 5.0% is typically used when sizing natural ventilation systems for the purposes
of purge ventilation in Ireland the UK [393]. The POP value of 2.5% was selected under
the assumption that a slotted louvre would be installed to prevent rain ingress and would
reduce the net opening area by 50%, which is a similar design to the test-bed building
presented in Chapter 3. The building was modelled using three office zones and a corridor
zone. All zones were modelled with one node per zone. Por the purposes of this study the
results for the Open Plan Office only are presented. The results from Chapter 4 suggested
that openings at head height should be avoided in shoulder seasons in order to avoid
discomfort. In this study, each opening in each room was placed at a height that was
greater than 1.5m above floor level. The maximum floor to ceiling height in each room
was 3.2m, then the maximum height for all openings was considered to be 1.7m. The
floor to ceiling height was taken as the same as the test-bed building (see Chapter 3)
which is above the minimum floor to ceiling height recommended for buildings in Ireland
[394]. As in Chapter 5, the airflow network only considered the single-sided ventilation
flow path in the building model.

6.2.1.2 Solar shading system
Por the purposes of this study an external solar shading system was devised and operated
based on the control strategies shown in section 6.2.2. The theoretical external solar
shading system used in this study activates a perforated external solar shading device
which is 80% opaque and 20% transparent when certain conditions are met. Perforated
external shading devices have been used by many researchers in the past where they
remain as a static feature of the building. In this study, the assumption is that the shading
device can be automated for parts of the year when it is necessary. A perforated shade
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was selected as a result of the need to allow occupants to have a view to the outside, this
would maintain visual comfort levels. When the shade was not activated it was assumed
that the layer on the outside of the window (e.g. dirt) results in 39% of the radiation
passing through the first pane of the windows in the building. If an external shading
device is activated only 8% of the radiation is passed to the first pane of the windows in
the building.

6.2.1.3 Heat gains, energy systems and gains from occupants
Table 6-1 indicates the heat gains into each zone in the building model. For the heating
system the maximum capacity of the radiator system was taken based off the radiators in
the zero2020 building. Based on observations of annual simulations using the calibrated
model with a heating system (from Chapter 5), it was seen as important to alter the zonelevel capacitance value to be larger for models with a heating system or large internal
heat gains. Therefore, the capacitance value in all zones of the Type 56 model described
in this chapter was altered to be 5 times the room volume instead of the default 1.2 times
the room volume, which was supported by Bradley et al. [395]. To scale this capacity,
the percentage of the maximum delivered heat gain to each zone {WC p) was weather
compensated depending on the outside air temperature (tg) (see Figure 6-2). The heating
system also followed a schedule that was for working hours between 08:00 and 18:00 and
did not operate for the public holidays. All gains from the heating system to a zone were
taken to be radiative gains. Equation (6-1) shows control logic that was used for heating
system gains into each zone. The control output (CO), was dependant on a dead-hand
controller which typically operated with a set-point of 21 °C (± 1 °C) and varied depending
on the control strategies indicated in section 6.2.2. Where, Occu^^ is the condition that it
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describes the floor area, HL is the heat load taken from Table

is an occupied hours,

6-1, VKC pt is the percentage of maximum load that is weather compensated, and HSett
is the condition of the dead-hand controller.

Table 6-1: Gains into each zone in of the building model

Name

Heat gain

Source

Reference

Heating

50 W/m2

Existing radiator system

-

Appliances

12 W/m2

ISO 17772-1

[385]

Lighting

12 W/m2

ISO 17772-1

[385]

Occupants

150W/person

Stochastic Occupancy Generator, ISO 7730

[90,247]

CO = Occu^

X (i4y^ioor X

HL

X

WC Pt)

x

HSet^

(6-1)

For appliances and lighting a diversity factor for weekdays was applied based off the
cellular and landscaped office diversity factors {Div^) shown in Figure 6-2. Using ISO
17772-1, gains from appliances and lighting was assumed to be zero on weekends.

Figure 6-2: Right: weather compensation graph for heating system; Left: diversity factor for different hours of
the day in landscaped (dashed line) and cellular (solid line) office spaces.
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IHGaiii = Div^ X {Afioor X AL or LL )

(6-2)

Similarly to the heating system, the appliances and lighting systems in each room were
considered to be off during holidays. Equation (6-2) can be used to calculate the internal
gains for either lighting (LL) or appliances (AL).

The percentage of radiative and

convective gains for appliances and lighting was taken at the same level as in Chapter 5.
The heat gains from occupants in the building model were taken to be stochastic and were
based off values generated using a stochastic occupancy generator [247]. A single annual
dataset of occupancy values was generated and post-synchronised to hourly intervals, for
each country considered. This occupancy dataset also considered occupancy during
holidays to be zero in each zone. No active cooling system was simulated in this study.
During this study only the shoulder and cooling seasons were considered during
simulations. All simulations took place from April to October and the simulation timestep was one hour. In total 32 simulations were run, 16 for each climate file, and over
164,000 simulated hours were considered.

6.2.2

Control strategies

The control strategies in this study were chosen in order to compare adaptive and nonadaptive approaches, and to compare the complexity of the control strategy considered,
when maintaining comfortable conditions in buildings. Table 6-2 gives details of the
control conditions for each control scenario. The name for each control strategy has the
notation that is shown in Equation (6-3). If A was in the strategy name it means it uses an
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adaptive set-point, if the strategy name contained D it means there is day-time ventilation
strategy, if the name contained N it means there is a night-time ventilation strategy, if it
contained S it means there is a solar shading system and if it contained R it means there
is an external relative humidity limit in the control strategy. For example A DNS, Is an
adaptive control strategy (A), which uses day-time ventilation (D) night-time ventilation
(N) and solar shading (S).

A DNSR

(6-3)

In total eight control strategies were investigated, four used adaptive control set-points
and four used non-adaptive set-points. All adaptive control strategies used the operative
temperature as a controlling variable for the operation of day-time or night-time
ventilation. Non-adaptive control strategies used the air temperature as a controlling
variable for NV system operation. The control of the solar shading system was based on
the air temperature for both adaptive and non-adaptive strategies. The control strategies
that were considered are broken into four main types of control strategies with varying
levels of complexity. The temperature set-points for these control strategies are then
varied to be either based on air temperature that is used in typical building control
strategies or the operative air temperature which is used in adaptive standards. All of these
strategies were based off interpretations of previous research on control strategies
relevant to controlling passive systems in low energy buildings [47,325,333,334].

D - Day-time ventilation only (dead-hand control)
This control strategy is designed to represent the existing system in the zero2020 building
or that of a typical BMS control system. Dead-band control is used in conjunction with
limits on the external air temperature for temperatures below 10°C and greater than 23°C,
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which override the dead-hand controller. To further ensure that ventilation is only
accessed when it is needed a limit is imposed where ventilation is only possible if the
outside air temperature is less than the inside air temperature. Finally, this strategy was
only operated during occupied hours between 08:00 and 18:00. Equation (6-4) describes
the conditions for day-time operation. Where, Tlow^ is the condition that the outside air
is greater than a low limit temperature (e.g 10°C), Thighf- is the is the condition that the
outside air is less than a high limit temperature (e.g 23°C), (Tin > Tout^') is the condition
that in inside air temperature is greater than the outside air temperature, Cset^ is the
controller output from a dead-band controller and Occu^ is the condition that ensures
ventilation only during occupied hours.
CO = TLowt X Thighf^ x (Tin > Tout^) x Cset^ x Occu^

(6-4)

DN - Day-time and night time ventilation
In this strategy the day-time ventilation strategy as described above is used, however,
night-time ventilation is implemented outside of occupied hours. The external
temperature limits that were used during the day are also applied at night-time. Night
time ventilation is only activated on a given day if the maximum internal air temperature
exceeds 23°C and the outside air temperature exceeds 20°C the previous day. Night
ventilation is not operated if the difference in temperature between the inside and outside
temperature is not greater than +2°C. When night-ventilation is activated the set-point is
reduced for hours between 22:00 and 07:00, Equation (6-5) describes how this set-point
is changed. The natural ventilation set-point (Cset) is 22°C during typical day-time
operation, however, if night-ventilation is activated the set-point is reduced to 19°C for
hours where the building is unoccupied, where the cooling system will reduce the indoor
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air temperature to 18°C due to the dead-hand (18°C was selected as it was the minimum
suggested by the WHO (see section 2.4.2)). To ensure the heating system is not operated
the set-point is reduced, the day time set-point for the heating system is decreased for the
day-time hours following night-ventilation, using the same logic as is indicated in
Equation (6-5).

Cset = Setpoint (daytime) + (NVsig x —3)

(6-5)

DNS Day-time ventilation with night-time ventilation and active solar shading
-

In this control strategy the external solar shading system is activated at any point during
the day if the external irradiance on a glazed fa9ade of a room is greater than 150W/m^
and maximum room temperature is greater than 23°C. To alter the external shading factor
for each glazed faQade of each zone. Equation (6-6) was used which combined the
temperature and solar conditions as indicated above. The shading ratio shown in Equation
(6-6) would change the non-transparent area of each window from 61% to 92% if both
conditions were met. Where Icond is the condition that the maximum air temperature is
greater than 23°C and Solarcond is the condition that the outside irradiance on a fa9ade
is greater than 150W/m^.The maximum value that can be used for this external shading
factor is 1, which would mean zero transmission of irradiance through all glazed elements
of the building. The control of the active solar shading system indicated here operated
independently of the natural ventilation system, however both systems would act on
reducing the temperature in each room.

External shading factor = 0.61 + (Tcond x Solarcond x 0.31)
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DNSR - Day-time ventilation, night-time ventilation, solar shading and external humidity
limits
In this control strategy the same day-time and night-time strategies that were shown in
the DNS strategy are used, except the natural ventilation system closes openings when
the external relative humidity is greater than 70%. This was done to improve the thermal
comfort further by reducing the moisture coming into the building.

A_D - Day-time ventilation only (dead-hand control with adaptive set-point)
This strategy is similar to the control strategy D, however unlike D the set-point is not
rigidly set to one temperature. The set-point is based on the comfort temperature (see
equations (5-3) and (5-4)) shown in Chapter 5 previously, which depend on the externally
weighted exponential mean daily temperature (trm) shown in equations (2-7) and (5-2).
For this strategy the internal operative temperature was used instead of the air
temperature, as the comfort temperature is based on the operative temperature. The
strategy controls within a dead-band around the adaptive set-point that is constantly
changing, where we attempt to stay within ±3°C of the comfortable operative
temperature. The comfort temperature (tcom/)
was greater than 10°C and Equation (5-4) when

defined by Equation (5-3) when
was less than 10°C. In this study, a

dead-band of ±1°C was selected to reduce discomfort if an overshoot in operative
temperature occurred. The external temperature limits that were used in all non-adaptive
control strategies were also used in this control strategy as is shown in Equation (6-4).
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A_DN Day-time and night time ventilation (with adaptive control set-points)
-

The principle of this control strategy is similar to that of control scenario DN. An adaptive
day-time control system is used based off of A D and a night-time ventilation strategy is
also used. However, the internal maximum limit used to trigger night-time ventilation is
based on whether the internal operative temperature exceeds the comfort temperature (t^)
by 2°C. The set-point for cooling during 22:00 and 07:00 is also based on the operative
temperature. For this control strategy each zone has a night-time cooling set-point that is
3°C below' the comfort temperature. This was selected as the lower limit in EN 15251 is
3°C below the comfort temperature. The dead-band that is operated for night-ventilation
is ±1°C. The heating system operates on the same non-adaptive set-point shown in DN
previously. The low temperature limits of the external air that are used in DN were also
applied for this control strategy.

A DNS - Day-time ventilation with night-time ventilation and active solar shading
(adaptive)
This control strategy combines the adaptive limits of A_DN with the same solar shading
system that was described in DNS. This solar shading system is not controlled based on
the operative temperature.

A DNSR - Day-time ventilation, night-time ventilation, solar shading and external
humidity limits
This control strategy combines A DNSR with the humidity limits that are discussed in
scenario DNSR. The attempt here is to create a humidity sensitive adaptive cooling
system.
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Table 6-2: Details of each control scenario used in this study

Scenario

D

Description

Conditions

Temperature control
only for heating and
cooling, static set-points

Heatingsetpoim: 22°C ±1°C
Coolingsetpomt: 22°C ±rC
Low temp limit: 10°C
High temp limit: 23°C
If (tin ^ tout)

If (08:00 to 18:00)
Day-time same as above
Night cooling strategy between 22:00 and 07:00
following day
DN

DNS

DNSR

A D

Day-time temperature
control, night-time
ventilation

Day-time temperature
control using ventilation
and solar shading, night
time ventilation
Humidity sensitive day
and night cooling
Adaptive temperature
control, and nonadaptive heating control
day-time only

If(t.nntax>23°C)
lf(toutmax>20°C)
If(t,n-tou,>2°C)

Heatingsetpoim: 18°C ±1°C
Coolingsetpomt: 19°C±rC
Heating is not activated the day following
night-cooling
Solar shading operated on facade of a zone.
If (Solarirradiance > 150W/m^) and,
lf(tinzone>23°C)

Day-time and night time same as DNS
lf(RHout<70%)

If (RHput > 70%) openings are closed
Operates the same as D only the ventilation setpoint is adaptive
Coolmgsetpoint- tc i 1 C

Operates at the same time as DN

A DN

A DNS

A DNSR

6.2.3

Adaptive temperature
control, and adaptive
night-ventilation, nonadaptive heating

Adaptive temperature
control with solar
shading, and adaptive
night-ventilation, nonadaptive heating
Humidity sensitive
adaptive cooling

If (topinmax ^ te"l- 2) and,
If(tou.max>20°C)

Heatingsetpoim: 18°C ±1°C
Coolmgsetpoint: tc 3 il C
Heating is not activated the day following
night-cooling
Temperature and night-ventilation the same as
A_DN, solar shading operated using conditions
in DNS.

Same humidity conditions as DNSR

Weather data

For this study, current and future TMY datasets for both locations were generated in
Meteonorm 7.3 [389]. Locations for Dublin and Budapest were selected as interpolated
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cities. Current TMY3 weather files were generated for a radiation period of between 1991
and 2010 and a temperature period of between 2000 and 2009. To create more extreme
weather files the 10 year extreme temperature model was selected in Meteonorm. To
create extreme future weather files, the worst case IPCC scenario was also selected (A2).
The zero2020 building was built in 1974 and renovated in 2012, this gives a 38 year
lifecycle for the original 1974 building. As a result, this study will consider future weather
files for 2050 which examines a similar lifecycle for any changes in the control strategies
of the existing zero2020 nZEB. Initially, climates were analysed for each location using
all of the three weather file types: TMY (now), 10 year extreme, and 10 year extreme
2050 (Extreme (2050)). Simulated results were conducted using the TMY (Now) and
Extreme (2050) weather files.

6.2.4

Climate assessment and thermal comfort assessment methods
6.2.4.1 Adaptive theory and climate assessments

In this chapter, we will assess the adaptive applicability of a climate based on prEN 167981 by examining; 1) the percentage of time that t^m is below 10°C (Heating), 2) the
percentage of time t^mis within 10°C to 30°C (Adaptive) and, 3) the time that

is

greater than 30°C (Active Cooling). This in theory will give an indication as to
applicability of a climate from an adaptive perspective which was done previously by
Pagliano et al. [46].

6.2.4.2 Standardised comfort assessment methods
The definition of thermally comfortable conditions in this study was determined by
examining multiple standards. In this study, we attempt to keep the simulated internal
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conditions within the limits of either ISO 7730 or prEN16798-l. When

tf-m

was less than

lO'^C the limits from ISO 7730 were used, for values of t^m that were greater than 10°C,
the limits from prEN 16798-1 were used. Our objective was to maintain comfortable
conditions for those with a high level of expectation, however, we will assess the comfort
based on those with a normal level of expectation. In EN 15251 and its current draft
revision prEN 16798-1, the optimal comfort temperature

that is applicable when

t^m

is

greater than 10°C is determined by Equation (6-7) [334]. Using this equation, categories
of comfort are determined with varying category range limits for those with a normal
level of expectation (±3, Category II) and special cases or those with a high level of
expectation (±2, Category I).

0.33*Um

18.8 ± Category range limit

(6-7)

In this study, we will assess what percentage of the occupied time that internal operative
temperatures fall within the temperature ranges in prEN 16798-1 and ISO 7730.
Assessments of thermal comfort compliance were only performed in the Open Plan Office
zone.

6.2.4.3 Overheating and overcooling assessments
The criteria in Table 6-3 were used to determine if each control strategy was leading to
discomfort due to overheating or overcooling. In this study, all overheating and
overcooling criteria were calculated based on the simulated operative temperature (to)
exceeding the values shown in Table 6-3. All overheating criteria selected were based on
standards and metrics that are typically used in practise (see section 2.4). Very few
overcooling criteria were presented in literature, for this simulation study we compared
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the percentage of hours where the simulated operative temperature falls below the limits
shown in Table 6-3 which correspond to Category II of EN 15251 and prEN 16798-1.
Assessments of overheating and overcooling were only performed in the Open Plan
Office zone.

Table 6-3: Overheating and overcooling criteria used for the analysis of each control strategy
Criteria Name

Type

Condition

OHl

Overheating

top > 0.33* tnri+ 18.8 +3

CIBSE

Overheating

3 criteria described in
section 2.4.10

OCl

Overcooling

top

< 0.33*

18.8-3

OC3

Overcooling

top < 0.33*

18.8-4

6.2.4.4 Energy consumption estimations for mechanical cooling
No mechanical cooling system was simulated in this study. To estimate the mechanical
cooling load that would be required to maintain comfortable conditions the internal
operative temperature data were analysed after simulations were completed. This analysis
was conducted specifically for simulations in the Open Plan Office only. In this analysis,
the number of occupied hours where inside operative air temperature exceeded the
overheating criterion OHl were determined for each control scenario, location and
weather file type. Based on this criterion, it was possible to determine the number of hours
where mechanical cooling would be required. It was assumed that, this system would
activate and cool the zone to a level of comfort that would be suitable in mechanical
buildings (t^). In this study, the difference in air temperature between the zone air
temperature and 21 °C (lower limit of dead-band control at 22°C) was calculated when
the zone level operative temperature was greater than the upper limit of OHl. The sum
of the differences for each hour can be described by the degree hour criterion shown in
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its general form in Equation (6-8). This criterion would give an indication as to the
requirements of mechanical cooling systems which would allow ranking of the different
control strategies.

Degree hour Criterion (°Ch) =

(6-8)

6.3 Results and Discussion
6.3.1

Analysis of weather files and climates
6.3.1.1 Refining locations for analysis

The following capital cities were chosen as part of the initial analysis of different climates
in northern and central Europe; Vienna, Austria (AT), Brussels, Belgium (BE), Berlin,
Germany (DE), Paris, France (FR), London, United Kingdom (GB), Budapest, Hungary
(HU), Dublin, Ireland (IE), Amsterdam, Netherlands (NL), Oslo, Norway (NO), and
Warsaw, Poland (PL). Figure 6-3 shows the spread in temperature and humidity for the
ten cities mentioned, using TMY data. All of these cities are in climates that have
temperate oceanic (Cfb) or, temperate and humid continental climates (Dfb), when
Koppen Geiger (KG) classifications are used [396]. Based on Figure 6-3 and the
classifications presented, Budapest in Hungary and Dublin in Ireland were the two cities
which represented the span of temperature and humidity conditions available in the initial
ten cities and covered both KG climate classifications. Budapest has a typical continental
climate with cold winters and warm summers with few high humidity incidences. Dublin
is a consistently temperate maritime climate with a larger amount of high humidity
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incidences and with consistent mild temperature conditions. From this section onwards,
all results will refer to climate conditions in Budapest and Dublin.
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Figure 6-3 Boxplots of temperature and humidity for ten major cities in Europe

6.3.1.2 Analysis of climates based on static limits for control systems
Table 6-4 presents the summary statistics for external temperature for a TMY (now),
Extreme (10 year), and Extreme (2050) weather files in Budapest and Dublin. Based on
this table we can see that the change in climate between a typical year now and an extreme
future climate will be different for continental and maritime climates. The change in
annual mean temperature is 0.8°C in Dublin and 2.0°C in Budapest, with a change in
maximum external temperatures of 5.2°C and 6.7°C, respectively.

Table 6-4: Summary statistics on temperature for hourly weather files considered
External Temperature (°C)
Scenario

Dublin (Ireland)

Budapest (Hungary)

Mean

Max

Min

Mean

Max

Min

25.1
29.2

-4.3

12.4

37.0

-10.6

Extreme (10 year)

10.0
9.9

-13.7

-17.6

10.8

30.3

-12.4

12.3
14.4

41.5

Extreme (2050)

43.7

-14.7

Now
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For Dublin, the increase in temperatures greater than 25°C during occupied hours is only
1% (from 0 to 1%), with a negligible amount of hours greater than this threshold during
unoccupied periods. For Budapest (HU), existing TMY files show a completely different
picture. It is expected that large portions of the summer months would require mechanical
cooling, and, some days during August in particular have temperatures greater than 25°C
all day round. In an extreme future weather year, more extensive or larger portions of the
summer months will see an increase in days where day long temperatures will be in excess
of 25°C. Due to a changing climate, it is expected that there will be an increase in the
percentage of occupied hours where the outside air temperature will be greater than 25°C
(from 18-26%). A doubling in the percentage of unoccupied hours above 25°C to also
expected (from 4-8%).

In Table 6-5 it can be seen that mean humidity changes are

marginal in both (1% to 2% change). Overall, both locations see a decrease in incidences
of high humidity, however, Dublin still remains in high humidity for most of the year.

Table 6-5: Summary statistics on relative humidity for hourly weather files considered
Relative Humidity (Vo)
Scenario

Now

Dublin (Ireland)

Budapest (Hungary)

Mean

Max

Min

Mean

Max

Min

83

100

36

65

100

22

Extreme (10 year)

83

100

41

65

100

20

Extreme (2050)

81

100

35

64

100

20

External relative humidity (RH) could be a major limiting factor for controlling natural
ventilation, this may pose significant challenges for controlling RH in Dublin. The
percentage of occupied hours where high humidity is a concern is between 57% and 66%
depending on the weather datasets used. Moreover, the night ventilation potential may be
severely limited by high humidity. Between 92% and 95% of the unoccupied hours were
categorised as being above 70% RH in Dublin. For Budapest humidity does not have as
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much of a suggested limiting effect. During occupied hours between 19% and 22% of the
hours are greater than 70%, while night-time hours show a higher percentage of between
55% and 59% of hours where RH is greater than 70%.

6.3.1.3 Adaptive applicability of each climate
As was mentioned in section 6.2.4.1 previously adaptive comfort standards have limits
where the adaptive principles apply (10°C <

< 30°C). Outside of these limits

active heating and cooling are necessary. Based on this broad climate categorisation we
can see that both Dublin (IE) and Budapest (HU) will have more periods in the future
where adaptation is more likely. Between now and 2050 we can see an increase of 6% in
the time that

in an adaptive range when compared to current TMYs. It is expected

that the heating system would be in operation in Dublin (heating, 49% to 55%) more than
in Budapest (heating, 35% to 41%) for typical and extreme future weather scenarios.
Classifications also suggest that Budapest (59% to 65%) has more of adaptive potential
than Dublin (45% to 51%). If we examine the adaptive maps in Figure 6-4 and Figure
6-5 we can see a clear pattern, where adaptation is more likely in some seasons when
compared to others. In Dublin, it seems that adaptation is intermittent in shoulder seasons
during April and May and adaptive behaviour is expected from June until September and
most of October. In the future extreme scenario presented here it appears that adaptation
could be likely during November and December where it wasn’t the case previously. In
Budapest, adaptation is more likely from April to October in current climate. In an
extreme future scenario this appears to be broadened into November, where excessive
accumulations in

increase the need for active cooling in parts of July.
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Figure 6-5: Adaptive map for climate in Budapest now and in future extreme scenario

6.3.2

Simulated passive potential
6.3.2.1 Overview

To understand more elearly the actual adaptive comfort levels, simulations were
performed for the various control strategies shown in section 6.2.2. The results presented
here are for an open plan office only and are with reference to the standards and control
strategies presented previously.
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6.3.2.2 Standardised thermal comfort levels
Figure 6-6 graphically indicates the performance of each simulated control strategy
investigated as part of this study. Control strategies which maintain operative
temperatures at acceptable levels for greater than 95% of the occupied hours are deemed
satisfactory. All eight passive control strategies investigated are capable of maintaining
comfortable operative temperatures for the current conditions in Dublin. Six of the eight
passive control strategies are capable of maintaining comfortable operative temperatures
in 2050. The strategy that performed the best in Dublin was the adaptive day-time
ventilation strategy (AD).
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Figure 6-6: Percentage of occupied hours where the simulated internal operative temperatures falls within the
limits of categories for prENl 6798-1. Strategies are ordered from the worst strategy to the best strategy with
reference to Category II in the current climate. Dashed line indicates 95% of occupied hours.

Three of the eight passive control strategies are capable of maintaining comfortable
conditions for current conditions in Budapest currently (A_DNS, A DNSR, DNSR). One
of the passive control strategies was able to maintain satisfactory internal conditions for
an extreme 2050 in Budapest (A DNS). Passive control strategies were capable of
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satisfying thermal comfort at the normal level of expectation between 57% and 95% of
the occupied hours. Three control strategies that satisfied comfort for greater than 90%
of the occupied time in 2050 had night-ventilation and solar shading as part of their
control strategy (DNS, DNSR, A DNS). Figure 6-7 shows the performance of all control
strategies over two summer days in Budapest.
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Figure 6-7: Line graphs of internal operative temperatures using adaptive and non-adaptive control strategies
from the 18th to the 20th of August in conditions for Budapest in Hungary (HLI) (top graphs are for current
TMYs and bottom graphs are for extreme 2050)

From these figures it is clear that day-time ventilation strategies only are not sufficient at
removing heat during the hottest parts of the cooling season. The inclusion of night
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ventilation causes a large step change in internal operative temperature terms. The
inclusion of solar shading reduces the peak air temperatures during the day, while the
inclusion of an RH limit reverses the effect of solar shading.

6.3.23 Overheating and overcooling
A negligible amount of overheating is observed in Dublin irrespective of the metric used
for both current and extreme future weather scenarios. In Figure 6-8 the percentage of
occupied hours where the internal operative temperature exceeds the upper limit of
Category II of prEN 16798-1 (OHl) is shown for Budapest only. Currently all control
strategies that use a combination of night-ventilation, solar shading, and an external
humidity limit are capable of keeping overheating to below 5% of the occupied hours.

Figure 6-8: Percentage of occupied hours where internal operative temperature exceeds overheating limit
(OHl) in Budapest now and in 2050

The reduction in overheating hours through the use of a night ventilation strategy is
considerable (between 22% and 28%) when compared to both adaptive and non-adaptive
day-time only strategies. Currently strategies that use natural night ventilation are not
capable of reducing overheating risk to acceptable levels. It is through a combination of
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solar shading and natural night ventilation that overheating can be reduced to acceptable
levels. The combined effect of solar shading and night-ventilation reduced the amount of
overheating hours by between 28% and 38% when compared to a typical day-time
strategy (D, A_D), depending on whether the strategy was adaptive or not and the w^eather
files that were used. When an external humidity limit is included in the control strategy
the amount of overheating hours increases when compared to the DNS and A_DNS
strategies. However, the strategies that had a humidity limit reduced the number of
overheating hours by 26% to 34% when compared to the overheating hours of day-time
ventilation strategies. Overall, the number of overheating hours according to OHl
increased by between 4% to 14% between now and 2050 depending on the strategy used.
This highlights the importance of control strategy selection when reducing overheating in
passively cooled buildings in the future, where best and worst control strategies can have
a factor of change of just under 2%.

For Dublin, all of the control strategies complied with two out of three of the TM52
criteria. Figure 6-9 shows the performance of each of the control strategies with respect
to the criteria in TM52 in Budapest. Currently, there are two passive control strategies
that comply with two of the three criteria in the TM52 guidelines on overheating, these
are the A DNS and DNS strategies. The use of an RH limit can result in an increase in
the severity of overheating in any one day (Criterion 2), which results in the failure of
A DNSR and DNSR strategies. None of the control strategies in this study were able to
comply with two out of three of the criteria of TM52 for Budapest in the extreme
conditions that might be presented in 2050. For control strategies that use night
ventilation, solar shading and an RH limit the increase in the number of days where
overheating is a major risk is from 10 to 21 additional days depending the strategy.
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Figure 6-9: Overheating risk according to CIBSE TIVI52. (From top to bottom: Criterion 1 (hours of
exceedance, red line indicates 3% of occupied hours), Criterion 2 (Daily weighted exceedance). Criterion 3
(Upper limit temperature))
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Figure 6-10 shows the overcooling risk based on the acceptable lower limits for EN 15251
and its current revision prEN16798-l. Based on the results shown it is clear that adaptive
control strategies can eliminate the overcooling risk irrespective of the location. If nonadaptive control strategies are used the greatest overcooling risk is for strategies that have
night-ventilation (DNS, DN). For the simulations conducted the difference in the
percentage of overcooling observed between both of these standards was between 1.5%
and 13.0%, with prEN 16798-1 always predicting less overcooling than EN 15251.
Currently the use of the new limit proposed in prEN 16798-1 can result in all of the passive
control strategies having an overcooling risk of less than 5% of the occupied hours. This
also results in seven out of eight of the control strategies having an overcooling risk that
is less than 3% of the occupied hours.
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Q EN15251
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Standard
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Figure 6-10: Percentage of occupied hours where internal operative temperature exceeds overcooling limits in
EN 15251 and prEN16798-l
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6.3.2.4 Mechanical cooling potential (energy implications)
Figure 6-11 shows the number of degree hours that would be required to maintain
comfortable conditions if the Open Plan Office overheated and went outside of category
11 of prEN 16798-1 for Budapest only. For Dublin, the calculated number of cooling
degree hours based on simulations was negligible, irrespective of the weather dataset
used. As mentioned previously, it is assumed that the control system will try to reduce
the air temperature to 21°C in the event of overheating occurring in any given hour.
Overall, there is a large difference in the cumulative cooling degree hours for each control
strategy, and for each location.
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Figure 6-11: Degree hours of potential mechanical cooling for different control strategies worst to best.
(Colour code indicates the change in temperature required at every hour where passive cooling could not
maintain comfortable conditions.)

In Budapest the difference in cooling degree hours between best (DNS) and worst
strategies (A_D) is 7539°Ch now and 11224°Ch in an extreme 2050. Currently, the use
of advanced passive cooling systems has the capability keeping the number of degree
hours to between 19°Ch and 67°Ch for sensible mechanical cooling if night-ventilation
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and ex temal solar shading are incorporated into nearly zero energy spaces for Budapest.
In the extreme future the use of advanced passive cooling systems (DNS, A DNS) could
reduce the need for mechanical cooling by 89% to 91% when compared to a natural day
time ventilation strategy only (D) for the climate in Budapest. The inclusion of an external
relative humidity limit results in more hours of mechanical cooling. However, both DNSR
and A_DNSR control strategies could reduce the future need for mechanical cooling by
between 72% and 82% when compared to a natural ventilation strategy only (D).

6.3.2.5 Ranking of overall performance
Table 6-7 and Table 6-6 show the rank of each control strategy for both cities with respect
to aspects of comfort and potential for mechanical cooling. In Dublin currently many
strategies are capable of maintaining comfortable conditions without the need for
mechanical cooling. Simple strategies that use an adaptive set-point and dead-hand
control system for natural cooling are able to meet all criteria. The use of an advanced
system that controls for humidity (A DNSR) also ranked highly for comfort and energy
criteria, which may be most important in a fully humid climate in Dublin. As overcooling
is the major risk to discomfort in Dublin strategies which minimise overcooling perform
the best. Adaptive control strategies like A_D perform best for the climate presented in
Dublin. In Budapest more compromises have to be made if advanced passive cooling
systems are used as no one control system ranks highest for all criteria. Overall the control
strategies which balance general comfort, overheating, overcooling and have a reduced
need for mechanical cooling are those that have natural night ventilation, external solar
shading and humidity sensitive control (A DNS, A_DNSR and DNS). A DNS was seen
to be the best strategy at combining all criteria in the climate presented in Budapest.
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Table 6-6: Rank of each control strategy from best to worst with overall comfort, overheating, overcooling and
expected load on mechanical systems in Dublin

Strategy

Overall TC

Overheating

Overcooling

Degree hours

Total

AD

1

1

1

1

4

ADNS

1

1

2

1

5

ADNSR

1

1

3

1

6

A_DN

1

1

4

1

7

D

2

1

5

1

9

DNSR

3

1

6

1

11

DN

4

1

7

1

13

DNS

5

1

8

1

15

Table 6-7: Rank of each control strategy from best to worst with overall comfort, overheating, overcooling and
expected load on mechanical systems in Budapest

Strategy

Overall TC

Overheating

Overcooling

ADNS

1

2

3

Degree hours
2

ADNSR

2

4

2

4

12

8
6

DNS

4

1

DNSR
A_DN

3

3

5

6

DN

6

5

5
7

D

7

7

4

AD

8

8

1

Total
8

1

14

3
6

15
22

5

23

7

25

8

25

6.4 Conclusions
Conclusion 4: The most appropriate passive cooling control strategies for nZEBs are
climate and priority dependent, however, the use of adaptive control strategies that
incorporate a combination ofday-time, night-time ventilation and solar shading were the
most resilient.
For a maritime climate many passive cooling control strategies resulted in both, a
negligible need for sensible mechanical cooling, and high levels of standardised adaptive
thermal comfort performance by using the operative temperature index only. Day-time
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ventilation only is sufficient for shoulder and cooling seasons, but there is the potential
to overcool using this system. The use of an adaptive set-point (A_D) would result in a
reduction in overcooling without overheating. For a continental climate, the best control
strategies that satisfied both comfort and energy criteria were those that had used solar
shading and night-time ventilation (DNS, A_DNS). These types of strategies can be used
for over 90% of the occupied hours in current and future weather scenarios, where the
remainder of time will require some mechanical cooling. Control strategies that are most
resilient to change are different depending on the location, however, the use of both
natural ventilation and solar shading (A DNS) achieved the most homogenous results as
long as natural ventilation set-points were adaptive. Rigid set-points for the same strategy
(DNS) may overcool for the same conditions. The overall purpose of the research
presented here was to analyse the thermal comfort performance of non-residential nZEBs
that are passively cooled. The analysis that was conducted through modelling,
measurement and applied simulation has demonstrated that collaboration with nature, can
lead to a thermally comfortable environment and a carbon resilient future.
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7. Global Discussion and Conclusion
This chapter presents a synthesis of the results that were presented in Chapters 4 to 6 and
discusses the logic, structure and decision making regarding the development of the work
chronologically and with reference to the four objectives indicated in Chapter 1. Owing
to the substantial number of reports of overheating in nZEBs, and the lack of information
regarding overheating in nZEBs, pursing this research was identified as adding value to
the existing body of knowledge in the field. Additionally, the discussion around the
expansion of the cooling season beyond traditional boundaries for thermally decoupled
buildings was also an area of interest and a motivating factor in the design of the research
work. In order to address to these factors, the first objective of the research presented in
this thesis was to experimentally investigate, using both subjective and objective
methodologies, the cooling and thermal comfort performance of a novel passive cooling
system in an nZEB environment during shoulder seasons (Chapter 4). Based on the results
presented in Chapter 4, it was clear that if thermal comfort simulations were to be
performed, model calibration was vital to the results and that both temperature and
humidity would need to be considered. Therefore, the second objective of this research
project was to develop, calibrate and validate an indoor air temperature and relative
humidity numerical model of an nZEB, which employs passive cooling, using a dynamic,
coupled thermal and airflow simulation approach (Chapter 5). As occupant behaviour was
cited as one of the main reasons for deviations of models for thermally decoupled
buildings, it was seen as integral to investigate how accurate existing schedules (i.e.
occupant presence models) and opening interaction assumptions (i.e. occupant action
models for openings) would be for this application. As a result, the third objective was to
investigate using different sources of building and usage data how occupant behaviour
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influenced the prediction of indoor air temperature and relative humidity in dynamic
simulation (Chapter 5). Based on an extensive literature review it was seen as vital to test
the resilience of all passive cooling solutions to demonstrate their capabilities in
maintaining thermally comfortable conditions in nZEBs now and in the future. Therefore,
the final objective of this research project was to demonstrate, numerically, the most
appropriate control strategies for passive cooling in nZEBs that result in the optimum
trade-off between thermal comfort performance and resilience to future climate change
(Chapter 6). The four objectives presented are in a clear logical order and encompass all
relevant research practises in thermal comfort evaluation from field study investigations
of physical phenomena, calibration, validation, comparative analysis, practical
implications and applied simulation. All of these objectives were established out of a need
to contribute to gaps identified in an extensive literature review of the field (Chapter 2),
and the results presented here are in line with the research objectives outlined in Chapter
1.

It was demonstrated that comfort is a driver for thermal energy. Therefore, understanding
the theory of adaptive and rational thermal comfort modelling was seen as necessary if
thermal energy was to be reduced. From the thermal comfort study presented it is clear
that a balance is needed when responding to overheating if there exists a large envelope
temperature difference between the inside climate and the outside climate. Local
sensations near the openings presented in Chapter 4 suggest that openings above the head
of the occupant were more suited to comfort restoration (RS-03), than were larger opening
areas (RS-04). Although overcooling is poorly described in published research, the work
presented in Chapter 4 demonstrates practically that the control of the opening area, or
the proportion of the opening area with respect to the floor area can prevent overcooling
(a POF 1.1% was deemed most suitable for the external conditions during shoulder
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seasons). From a modelling perspective, many of the results presented in the thermal
comfort study indicate a change from standardised definitions in the thermal environment
that are as a result of either the nZEB application, the overheating phenomena observed
or the drifts reported. Although other confounding factors may have existed which
affected the humidity levels, relative humidity (RH) had the strongest overall correlation
with mean thermal sensation (R^=0.65). The effective temperature index (which accounts
for RH) had enough merit in climatic evaluations to justify its use in the original
formulation of adaptive standards (namely ASHRAE 55). It is in the development of the
ET index that the cause of its strong correlation with MTSV (R^=0.71) may be seen. The
ET model was developed and applied for measuring thermal sensations of where the
“physiological cooling of the body is .so largely dependent upon sweating” [93]. This
observation by Angus and Crowden et al. may give some insight into why the ET had the
strongest correlation in the study presented here. Where overheating is present, cooling
of the body by sweating is more likely, which may explain why the ET and relative
humidity correlated best with MTSV. The inclusion of humidity in current standards is
lacking, and existing overheating metrics do not consider the effects of RH in a serious
manner. Its inclusion could take the form of a corrected effective temperature which
would allow for the use of both humidity and the operative temperature. However, more
investigation is needed to determine the wider applicability of the ET for evaluating
overheating before it can be adopted in standards.
As the environment presented in the thermal comfort study was dynamic and in some
instances resulted in drifting operative temperatures beyond 2.2°C/h, thermal comfort
standards would suggest that discomfort levels would be too high, with a percentage of
dissatisfied greater than 10% (e.g. ASHRAE 55). Interestingly, the drifts or ramps that
were greater than 2.2°C/h did not cause the same level of expected discomfort. As was
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reported previously, it appears to be a combination of the drift and the resolving operative
temperature after overheating that leads to the allowance of temperature drifts which are
greater than those quoted in prior research. Some of this tolerance could be explained by
the occupant’s expectations in naturally ventilated buildings. Previous work suggests that
the step change in thermal sensation for NV buildings is 7°C, which would allow for large
drifts that may not result in reported discomfort. Another observation that is of
consideration from the thermal comfort study is related to the neutral operative
temperature presented for the shoulder season conditions. As previous work demonstrates
that energy efficient buildings can have neutral operative temperatures that are 3°C to
4°C warmer than conventional buildings, the same could be the case for the nZEB
application presented in Chapter 4. Finally, although definitions of optimum comfort
conditions during shoulder seasons are not well defined in standards, it could be suggested
that shoulder seasons represent a mixed mode season, which would lead to thermal
neutrality that is between adaptive and rational comfort theories. This is demonstrated by
the fact that during shoulder seasons adaptive and non-adaptive standards can have
neutral operative temperatures that are close to each other. In this study, thermal neutrality
was close to the optimal presented in ISO 7730 (24.5°C) which is very close to the upper
limit for Category I of the adaptive comfort standard EN 15251 (24.8°C), while the limits
of comfort for the ASHRAE standard lie between 24°C and 25°C for the same external
temperatures (tmi of 12°C). The small difference between the optimal neutral temperatures
in these standards during shoulder seasons demonstrates that existing models do capture
shoulder season effects, however, more unified thinking is required to address this in
standards.
The parameters that were seen as most significant for measuring thermal sensation in the
overheating conditions presented in the thermal comfort study were both temperature and
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RH. Therefore, if the performance of any passive cooling systems or control strategies
were to be assessed, the validity of any model used for this assessment would also need
to demonstrate it can predict both temperature and relative humidity with a reasonable
level of accuracy (Chapter 5). The challenges that present themselves when calibrating or
validating a model for an nZEB are different as the factors which influence the heat
balance differ from conventional constructions. For conventional buildings that are in
heating dominant climates, it is this connection to the climate that dominates the heat
balance. Fabric heat loss and overall building leakage can be major factors that influence
predicting zone level parameters like temperature or RH. For nZEB applications, the
climatic influence is different for the same purpose. The results presented in Chapter 5
demonstrate that a model with a large amount of detailed building information and data
about a building, its occupants, and the control of openings is able to achieve high levels
of accuracy for temperature and RH (RMSE: Temperature <1.5°C and RH <5.5% for
open plan spaces). However, if we consider the schedules and opening interaction
assumptions, that would actually be used in practice, the accuracy of the model reduces
considerably for both parameters (RMSE: Temperature <2.6°C and RH <19%). The
analysis of typical occupancy schedules and opening interaction models suggested that it
is the occupancy level that had the most impact on prediction accuracy (ARMSE:
Occupancy ~2.0°C, Opening control assumptions ~0.5°C). Overall, the impacts of
occupant behaviour on the predictions shown in Chapter 5 demonstrate the need to have
accurate occupancy data when calibrating for nZEBs, and other influential parameters
related to solar radiation and thermal bridges also appear to play a more significant role
in the thermal balance affecting temperature predictions in these types of buildings. The
prediction accuracy for RH was seen to vary considerably, and, although past research
has demonstrated that RH can be predicted accurately using the effective mean
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penetration depth (EMPD) model, its suitability for analysis purposes in nZEBs may be
questionable. Demonstrations of RH predictions in the past generally have had controlled
conditions, and have reported reasonable levels of accuracy (±10%). In the work
presented here, we demonstrated that in uncontrolled conditions the accuracy of
predictions is similar to previous research, when a large number of empirical inputs are
available to be inputted into a model. The adoption of a heat, air and moisture transfer
(HAMT) or other equivalent model may be necessary to guarantee the accuracy of
predictions in nZEBs where detailed information or controlled conditions are not likely.
Calibration for RH in real buildings is very much unexplored and underrepresented in
research literature, this thesis presented one of the very few examples of RH calibration
in real buildings. More examples like the one presented here are needed, examples which
consider different building activity types.
As control strategies for passive cooling systems are predominately based off of
controlling for indoor air temperatures or external air temperatures the focus for Chapter
6 was to demonstrate control strategies that could be practically applied in the short to
medium term. Given that the model was calibrated in naturally ventilated mode and
captured the physical phenomena of single-sided airflow it was seen as a useful tool for
analysing the potential of different control strategies for maintaining comfortable
conditions in nZEBs when using single sided ventilation only. As overheating was
considered an issue in nZEBs and overcooling was considered a problem in the zero2020
building (shown in section 3.6), the approach of Chapter 6 was to analyse a series of
control strategies, some which could actually be implemented without any major
renovations to existing nZEBs. As research in the field suggested a need to demonstrate
the resilience of passive cooling systems, both current TMY files and extreme future
weather files were used to assess resilience of passive cooling and control systems to
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future climate change. Although indoor RH was not included as a thermal comfort
parameter or metric for the analysis in Chapter 6, it was seen that external RH limitations
were a necessary control parameter. Therefore, the span of both RH and temperature were
used to refine to two locations that would be representative of the span of conditions for
heating dominant climates. Both maritime (Cfb) and continental (Dfb) climates were
considered heating dominant, however, the Dfb climate locations can have a large
difference in summer and winter design objectives. The results in Chapter 6 showed that
different passive control strategies worked best for different locations. The climate
presented in the maritime location (i.e. Dublin) was found to be very suitable for passive
cooling by using a typical day-time ventilation strategy, and, from a thermal comfort
perspective overcooling was seen as the main challenge. The results showed that by using
an adaptive set-point (based on the operative temperature) discomfort due to overcooling
could be removed without overheating. The results for all passive control strategies that
were incorporated for use in the city that had a maritime climate, demonstrated that there
was no need for mechanical ventilation for either current or future climates. As the current
adaptive standard EN 15251 is undergoing a revision (prEN 16798-1) to include a new
lower limit for cooling, the results presented in Chapter 6 also analysed the difference in
overcooling risk by using two different standards. The new limit proposed is able to
reduce the percentage of occupied hours where there is overcooling risk by between 1
and 13% (depending on the control strategies and climate). Interestingly, it is the use of
an adaptive set-point that shows the most consistent results for reducing overcooling risk.
The challenge for passive cooling in continental climates is much greater, given the more
extreme conditions that exist in the summer months which can lead to a risk of
overheating. For the continental location studied, it was control strategies that utilised a
combination of day-time, night-time and solar shading that produced the best results when
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maintaining operative temperature conditions indoors. In the current climate the use of
these types of advanced passive control strategies were very effective at regulating
internal conditions without any significant need for mechanical ventilation. Advanced
passive cooling strategies were capable of reducing the overheating risk by between 26%
and 38%, when compared to a standard day-time ventilation strategy. Based on the results
presented here, it is expected that the percentage of occupied hours of overheating in
Budapest will increase by an additional 4% to 14% in an extreme 2050. In 2050, an
adaptive control strategy that used day-time and night-time ventilation as well as solar
shading was found to be best at maintaining comfortable conditions and reducing the need
for mechanical cooling. Strategies that used night-time ventilation and solar shading were
capable of reducing the degree hours of potential mechanical cooling by 88% to 92%,
when compared to a day-time ventilation strategy only. This demonstrates that by using
passive cooling strategies a large proportion of the cooling needs during the cooling
season can be met, without using energy intensive mechanical systems.
The overall purpose of the research presented here was to analyse the thermal comfort
performance of non-residential nZEBs that are passively cooled. In passively cooled
buildings the risks of overcooling and overheating are cited as being significant, and
designers need to demonstrate that controlled passive cooling systems can remove these
risks. The thermal comfort field study demonstrated that overcooling can be avoided in
shoulder seasons if the natural ventilation system can control its opening area sufficiently.
The prediction gap is another challenge that could lead to inaccurate predictions of the
indoor environment in nZEBs. The work in this thesis demonstrated that if calibration
and validation are performed that there is more confidence in the accuracy of air
temperature and RH predictions, tan if these practices are avoided. It is critical that careful
attention is given to how the magnitude of occupancy levels is selected during simulations
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in the design of nZEB buildings. This parameter can effect predictions of both indoor air
temperature and relative humidity greatly in nZEB environments. The simulations of
control strategies in current and future climates demonstrated that passive cooling is
viable option for maintaining thermally comfortable conditions in nZEBs. The work
shows that passive cooling is a resilient option from both comfort and energy perspectives
for maritime climates in short to medium term. However, passive cooling is not as
resilient an option for continental climates in the medium term. It is likely that continental
climates will need mixed-mode ventilation systems in the medium tenn (2050).

The overall aim of this research project was to determine what potential exists for the use
of controlled passive cooling in non-residential nZEBs without compromising on
occupant thermal comfort. As was demonstrated it is clear that a large potential exists to
control and maintain comfortable conditions passively in non-residential nZEBs.
Although this potential is undoubtedly linked to the potential of climate, controlled
passive cooling can have the potential to satisfy comfort requirements for greater than
90% of the occupied year if multiple passive cooling techniques are combined.
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8. Limitations and Future Work
8.1 Overview
This thesis presented an analysis of thermal comfort in a passively cooled nearly zero
energy case building (the zero2020 building) with a highly insulated envelope and a
natural passive ventilative cooling system. Initially, a literature review of thermal comfort
performance for naturally ventilated buildings was presented, which identified many gaps
in academia, which this research aimed to address. The results and discussion chapters
presented measurements of comfort with both subjective and objective methods,
standardised models as well as models that aim to go beyond the scope of standards to
further improve them. Additionally, this thesis presented the calibration and validation of
a detailed building model and showed the difference in air temperature and relative
humidity prediction accuracy when different occupancy schedules and opening control
strategies were used. Finally, an investigation into the future thermal comfort
performance of passive control strategies was presented which analysed and indicated the
thermal comfort performance for different climates and current as well as future extremes
in weather.

8.2 Limitations and future work
The following section describes the limitations of the work and how the research
presented in this thesis could be extended further.
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8.2.1

Thermal comfort: nZEBs and adaptive thermal comfort

Future work (item 1): A larger sample size of nZEB thermal comfort studies focused on

overheating conditions is needed in order to confirm the full extent of the relationship
between MTSV and relative humidity or energy^ efficiency in these types of buildings. The
work presented identified that the effective temperature (ET) is best for predicting the
mean thermal sensation of the occupants shown in Chapter 4. The correlation with ET
may be a phenomenon that is specific to this study, or may have more serious implications
for the use of relative humidity in the definition of comfort adaptively. The work from
the thermal comfort study also shows that the neutral temperature may vary with energy
efficiency, however, larger studies that are similar to the work of loannou and hard et al.
[205] are needed specifically for different non-residential building types with different
functions (e.g. hospitals, offices, schools, shopping centres).

Future work (item 2): More work is needed in assessing the performance and accuracy

ofadaptive thermal comfort models in shoulder seasons. The work presented in this thesis
is for very specific conditions in a shoulder season, as a result more work is needed to
expand on the results indicated here. Shoulder seasons represent a mixed mode season
where there is the potential for both heating and cooling systems to be operated in the
same day consecutively or simultaneously. This means that thermal comfort levels in
these seasons are mixed mode and the thermal sensations of occupants could lie between
current rational and adaptive theories. Further extensions of the work suggested by Manu
et al. [397] are needed in adaptive standards more globally. As mixed-mode buildings
may represent the balance of optimal comfort and carbon objectives mixed-mode models
are needed.
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8.2.2

The performance and prediction gaps

Further work (item 3): More research is needed that demonstrates the accuracy of RH

simulation in real buildings in naturally ventilated conditions. The work presented on
relative humidity showed that the accuracy of RH predictions can be mixed when
predicting the moisture balance in a real nZEB. The challenge in practice or at design
stage, is that the type of information that is required for predicting moisture levels
accurately in airtight buildings may not be available. The work presented here did not use
a heat, air and moisture transfer (HAMT) model, but future work on demonstrating the
accuracy of this model for nZEBs, (including a larger dataset) would contribute valuable
information to the field. A broader comparison of the prediction accuracy of various
simulation programs or models (e.g. black, grey, white box models) is needed to confirm
the accuracy of RH models in real conditions.

Future work (item 4): More work is needed in accounting for occupant behaviour in

predictions of air temperature and RH in the building simulation in the future. As the
work presented here was limited in its scope, due to the quantity of data, the number of
buildings, and occupant sample size, further work and further studies which identify the
magnitude and presence of occupants in different buildings are necessary. Modelling of
occupant interaction with openings is another important area of research going forward.
Our understanding of how occupants interact with multiple openings, ventilation
configurations and systems simultaneously is lacking. The work of Annex 66 [60] and of
Chen et al. [57] needs to be further explored and added to with different stochastic
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occupant presence models that are applicable in different building types. More research
is also needed in linking research and practise in this area.

8.2.3

Passive cooling, future risks and resilient cooling

Future work (item 5): More research is needed which demonstrates the performance of
passive cooling systems in different climates and microclimates. The results presented in
Chapter 6 indicate that passive cooling can satisfy thermal comfort requirements for
multiple current and future climates through the use of controlled natural ventilation and
solar shading. Meteonorm 7.3 does have some locations with the urban heat island effect
included, however this was not accounted for in the weather files used in this work. As
this effect would impact the cooling potential negatively, it is likely that the control
strategies used would not perform as well with the urban heat island effect included.
Furthermore, the wind pressure coefficient values were used for a suburban location. To
extend the work presented here an analysis of different degrees of urban heat island effect
that would account for different locations in cities would be useful. The use of wind
pressure coefficient values that are more consistent with urban canyons would also benefit
this type of analysis. Single-sided ventilation was the only flow path that was investigated
in this work, a further extension of this work to include stack ventilation through the
available sky light in the Open Plan Office would also increase the likelihood of higher
air change rates in the summer months. This could be further extended with an analysis
of different POF values. Overall, these observations call for an increased need to
demonstrate the performance of controlled passive cooling systems suggested by Breesch
et al. [47] and Pagliano et al. [46], and the advanced natural systems suggested by Lomas
and Ji et al. [1,398].
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Future work (item 6): More work is needed in demonstrating the resilience ofpassive

cooling systems in future extreme conditions. The work of Annex 80 [21] is expected to
focus on both passive and active cooling systems, which remove or reduce heat gains and
control humidity indoors in nZEB environments. Based on the work conducted as part of
this thesis, it recommended that the following conditions are met. 1) All passive and
active cooling systems that are identified for use in nZEBs are demonstrated to estimate
thermal comfort and energy performance metrics in the worst case future extreme
scenarios. Thermal comfort performance should include RH as a comfort indicator. 2) All
tools used for prediction purposes are calibrated for parameters related to the internal
environment of the relevant nZEB types. Based on the work conducted here it is likely
that simulation programs will perform poorly at predicting RH levels in airtight buildings,
more complicated representations of the moisture balance are likely to be required in
nZEBs. 3) A weighted resilience indicator is developed and referenced for all cooling
solutions. This indicator should account for at a minimum the carbon and comfort
performance of cooling solutions, but could also consider resilience more holistically
which may include embodied carbon of the cooling system lifecycle or risk of the system
failing due to power outages.
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